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Abstract 
 
 Volatile transition metal complexes that contain boron hydride ligands are desirable for 
their potential as precursors for metal diboride films for microelectronics applications.  Recently 
our group has discovered a new class of potential precursors in the metal complexes of the 
chelating borohydride, N,N-dimethylaminodiboranate (DMADB).  To date, attempts to 
synthesize homoleptic complexes of the late transition metals have afforded intractable mixtures, 
likely the result of overreduction of the metal center.  This work has focused on the synthesis and 
characterization of heteroleptic complexes of the late transition metals that contain both 
DMADB and 1,2,3,4,5,-pentamethylcyclopentadienyl ligands.   
 The reaction of metal complexes of the form [Cp*MX]n, where Cp* is 1,2,3,4,5,-
pentamethylcyclopentadienyl, M = Cr, Fe, Co, or Ru, and X = Cl or I with sodium 
dimethylaminodiboranate (NaDMADB) in diethyl ether affords the divalent complexes 
[Cp*M(DMADB)].  Additionally, the analogous vanadium compound [Cp*V(DMADB)] can be 
synthesized from the reduction of [Cp*VCl2]3 with NaDMADB in diethyl ether.  All of these 
compounds are volatile under static vacuum at room temperature, but are also thermally 
sensitive; the iron and ruthenium derivatives decompose at room temperature over a day.   
 These complexes exhibit a fascinating variety of binding modes of the DMADB ligand 
driven by the electronic structure of the metal center.  The green compound [Cp*V(DMADB)] 
exhibits a κ2, κ2 binding mode of the DMADB ligand; this is the binding mode normally seen for 
the homoleptic early transition metal DMADB compounds.  In the blue compound 
[Cp*Cr(DMADB)], the DMADB ligand is bound in a κ1, κ1 fashion.  This binding mode of the 
DMADB ligand can be rationalized on the basis of the number of orbitals available on the high-
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spin chromium(II) center.  The iron and ruthenium complexes are isostructural with the DMADB 
ligand bound in an asymmetric κ1, κ2 fashion, giving a pseudo-octahedral structure.  Both of 
these complexes are diamagnetic and are low spin d
6
.  The red compound [Cp*Co(DMADB)] is 
also isostructural with the iron and ruthenium compounds.  In addition to these DMADB 
compounds, the synthesis and characterization of the homoleptic aminodiboranate complex, 
Cr[(H3B)2NEtMe]2 and the titanium(III) species, Cp2Ti(DMADB) is detailed; both of these form 
a   κ1, κ1 binding mode for the DMADB ligand.   
 This work also explores the reactivity of transition metal DMADB species, focusing on 
the homoleptic titanium(II) and chromium(II) species, Ti(DMADB)2 and Cr(DMADB)2, as well 
as, the heteroleptic Cp*Cr(DMADB) species discussed previously.  The reactivity of these 
complexes with ethylene when activated with an aluminum alkyl co-catalyst will be of primary 
focus.  The N,N-dimethylaminodiboranate compounds Ti(DMADB)2, Cr(DMADB)2, and 
Cp*Cr(DMADB) are active ethylene polymerization catalysts in the presence of an aluminum 
co-catalyst.  These complexes also produce variable amounts of ethylene oligomers.  
Cp*Cr(DMADB) produces the largest amount of polyethylene, giving 35,000 turnovers when 
activated with AlEt3.  Melting point data suggests that the product is a high density polyethylene.  
The reaction of ethylene with Ti(DMADB)2 in the presence of AlEt3 produces 107 moles of 1-
butene per mole of catalyst.   
 This thesis also explores the reactivity of a series of titanium(II) species with ethylene in 
the presence of an aluminum alkyl catalyst.  Since the discovery of the Ziegler-Natta type 
catalysts in the mid-twentieth century, titanium compounds have been of interest as ethylene 
polymerization catalysts and more recently as selective oligomerization catalysts.  Previously, 
our group had shown that the titanium(II) complexes, TiX2(dmpe)2, where X = Cl, BH4, or Me 
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and dmpe = 1,2-bis(dimethylphosphino)ethane, dimerize ethylene to form 1-butene in NMR 
scale reactions at low pressures.  Similarly, the cyclopentadienyl titanium(II) complexes, 
CpTiX(dmpe)2, where X = Me, H, or Cl, are catalysts for the dimerization and trimerization of 
ethylene (the latter generating only branched products).
  
This work examines these systems at 
higher ethylene pressures and in the presence of an aluminum based co-catalyst. 
 These titanium(II) compounds are active as polymerization catalysts and generate small 
amounts of oligomeric side products.  The compounds TiX2(dmpe)2 and CpTiX(dmpe)2, when 
activated with MAO (methylaluminoxane), produce large amounts of a high molecular weight 
polyethylene, with the largest turnover number being 18,000 for Ti(BH4)2(dmpe)2.  Reactions 
performed in the presence of AlEt3 produce smaller quantities of polyethylene, and in some cases 
also produce small amounts of oligomers, mainly branched six carbon species.  There is some 
evidence for the oxidation of the titanium(II) species to a titanium(III) species that acts as the 
active catalyst, and the novel compound [TiCl2(dmpe)2][B(C6H3(CF3)2)4] was synthesized and 
found to produce similar catalytic results as the titanium(II) analog when activated with MAO 
and AlEt3.   
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Chapter 1: Introduction: A brief review of first row transition metals in their divalent 
oxidation state 
 
Introduction 
 This thesis details the synthesis and reactivity of several compounds of divalent first row 
transition metals.  The synthesis of compounds of the form Cp*M(DMADB), where Cp* is 
pentamethylcyclopentadienyl and DMADB is N,N-dimethylaminodiboranate with vanadium(II), 
chromium(II), iron(II), ruthenium(II), and cobalt(II) metal centers will be discussed; these 
compounds are highly volatile and have potential uses as chemical vapor deposition (CVD) 
precursors.  The reactivity of several other divalent species will be detailed: a series of 
titanium(II) compounds with chelating phosphines will be discussed in terms of their reactivity 
with ethylene when activated with an aluminum alkyl co-catalyst.  Also, the reactivities of 
titanium(II), chromium(II), and molybdenum(II) DMADB compounds will be detailed with 
emphasis on their reactivity with ethylene when activated with an aluminum alkyl co-catalyst.   
 Generally, the first row transition metals in the divalent oxidation state have diverse 
chemistry due to their varying d-electron counts and spin states.  This introduction will focus on 
titanium(II), vanadium(II), and chromium(II), which are less prevalent than corresponding 
divalent forms of the later first row transition metals.  Titanium(II) centers have a d
2
 electron 
count and most of the known coordination complexes of this oxidation state have an octahedral 
coordination geometry.  Compounds of d
3
 vanadium(II) are also commonly octahedral, but the 
geometry of d
4
 chromium(II) center is more varied.  For high spin electronic configurations, 
octahedral complexes invariably display a strong Jahn-Teller distortion, which in the limit 
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affords a square planar geometry.  For low spin configurations, relatively undistorted octahedral 
complexes and binuclear species with formal Cr-Cr quadruple bonds are common.
1
   
This introduction will first discuss some general trends in energies and the resultant 
prevalence of the divalent oxidation state among the first row transition metals, and then will 
focus on the known common starting materials for the uncommon oxidation state metal centers, 
namely, titanium(II), vanadium(II), and chromium(II).   
 
Prevalence of the divalent oxidation state among first row transition metals 
 The “stability” of one oxidation state compared to another is highly dependent on the 
chemical environment, but one qualitative measure of stability is the prevalence of an oxidation 
state among the known compounds of a particular transition metal.
1
  The divalent oxidation state 
tends to become more common for the later first-row transition metals, with titanium(II) 
compounds being very rare and the divalent metal centers from manganese on being quite 
ubiquitous.  The origin of this trend lies in the high d-orbital energies of the early transition 
metals, which decrease across the period; this decrease can be seen by the trend in ionization 
potential shown below:
2
 
Metal Ionization Energy (eV) 
Titanium(II) 27.492 
Vanadium(II) 29.311 
Chromium(II) 30.96 
Manganese(II) 33.668 
Iron(II) 30.652 
Cobalt(II) 33.50 
Nickel(II) 35.19 
Copper(II) 36.841 
Zinc(II) 39.723 
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The general increase of ionization energy as across the d-block indicates a decrease in d-orbital 
energy.  Due to the high energies of the early transition metal orbitals, these metals tend exist in 
their higher oxidation states, and to be highly reducing in their lower oxidation states.     
 The reducing nature of early divalent transition metals is evident in their aqueous 
chemistry.  There is no aqueous chemistry of titanium(II) because water is quickly reduced by 
titanium(II).  All other first row transition metals have some reported aqueous chemistry, and all 
form metal complexes of stoichiometry [M(H2O)6]
+2
.
1
  Vanadium(II) is highly reducing in 
aqueous solution (the V
+2
 to V
+3
 redox potential is 0.255 V vs. NHE)
2
 and can be oxidized by 
water at most pH values; it is also extremely oxygen sensitive.  The divalent ion [V(H2O)6]
+2
 is 
violet in color and can be generated in several ways:  by electrochemical reduction, by zinc 
reduction of acidic solutions of the higher vanadium oxidation states, or by reactions of the metal 
with acid.
1,3,4
  The compounds [V(H2O)n]X2 and [V(H2O)6]SO4 have been used as starting 
materials for various other vanadium(II) compounds such as amine and phosphine 
compounds.
1,5-9
   
 The chromium(II) ion is bright blue and is synthesized from the reduction of 
chromium(III) electrolytically or with Zn/Hg; it can also be formed from reactions of chromium 
metal with acid.
1,10,11
  The Cr
+2
 ion is also highly reducing (the Cr
+2
 to Cr
+3
 potential is 0.407 V 
vs. NHE)
2
 and decomposes in aqueous solution at higher pH.  It is also not strongly complexed 
in aqueous solution.
1
  Hydrates of chromium(II) with various counter ions are known, and some 
have been used as starting materials for complexes with other donor ligands.  For example, 
chromium(II) pyridine adducts can be formed from aqueous solutions of chromium(II) halides.
11-
13
 Later transition metals are stable in water at most pH values.
1
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Common starting materials for divalent metal complexes and routes to these compounds 
 This section will focus on common titanium(II), vanadium(II), and chromium(II) starting 
materials.  For metals later in the period than chromium, divalent starting materials are 
commercially available and thus will not be discussed in detail.   
 Common titanium(II) starting materials and routes to these compounds.  Complexes 
of titanium(II) are by far the rarest of the divalent first row transition metal complexes.
1,14,15
  As 
previously mentioned, there is no aqueous titanium(II) chemistry because this ion is quickly 
oxidized by water to higher oxidation states.
1
  Titanium(II) dihalides can be formed from the 
high temperature disproportionation of TiX3 or by the reduction of TiX4 with titanium metal.  
TiCl2 is a black air- and moisture-sensitive solid.
16-19
  All the titanium(II) dihalides have 
polymeric structures and exhibit limited solubilities in most organic solvents.  In the solid-state 
structure of TiCl2, the chloride atoms are arranged in a hexagonal close packing arrangement 
with titanium atoms in alternate layers of octahedral sites sandwiched between layers of the 
chloride atoms.
14
  Other simple titanium(II) compounds, such as TiO and TiS, have also been 
reported and are  polymeric.
19
 
 Some useful titanium(II) starting materials are coordination and organometallic 
compounds stabilized by neutral phosphines or amines. Titanium(II) phosphine complexes 
include the 1,2-bis(dimethylphosphino)ethane (dmpe) complex, trans-TiCl2(dmpe)2, which is 
formed from the reduction of titanium(IV) chloride with magnesium in THF in the presence of 
dmpe:
20
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This complex has been used to synthesize the borohydride analog, Ti(BH4)2(dmpe)2, a complex 
which reacts with methyllithium to form the dialkyl complex, TiMe2(dmpe)2, as shown in the 
above scheme.
21
  A cluster complex with phosphine ligands has also been reported,  
[TiCl2(dmpe)]3(PhMe).
22
   
 Several titanium(II) amine complexes are known as well.  The N,N,N′,N′- tetramethyl-
ethylenediamine (tmeda) complex, TiCl2(tmeda)2, is formed by the lithium reduction of 
TiCl3(THF)3 in the presence of six equivalents of tmeda.
23
  This complex can be used to 
synthesize the pyridine complex, TiCl2(py)4, as well as complexes with N,N,N′-
trimethylethylenediamine and 2,2′-bipyridine by ligand substitution, according to the following 
scheme:
23
   
 
The titanium(II) salt [Ti3Cl5(tmeda)]
+
, which contains a bridging tmeda ligand, can be obtained 
from the reaction of TiCl2(tmeda)2 and NaNPh2.
24
   
 Some titanium(II) starting materials are generated in situ.  For example, solutions of 
TiCl2(THF)x can be obtained by the addition of potassium graphite to titanium trichloride in THF 
or by the addition of sodium to TiCl4 in THF.  Ligand exchange can be used to form the DME 
adduct TiCl2(DME)x as well as TiCl2(py)4.
25,26
  There are less well-substantiated claims that 
other adducts can be prepared by this route; in some cases, there are indications that the products 
are polymeric or are higher valent titanium(III) species.
18,27,28
   
 Other characterized titanium(II) coordination compounds include titanium aryloxides
29,30
 
and titanium arene complexes.
31
 The monocyclopentadienyltitanium(II) complex CpTiCl(dmpe)2 
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can be synthesized by the reduction of [CpTiCl2]n with n-butyl lithium in the presence of dmpe.  
The analogous hydride and alkyl compounds CpTiH(dmpe)2 and CpTiMe(dmpe)2 can be formed 
from salt metathesis from CpTiCl(dmpe)2.
32
  
 Common vanadium(II) starting materials and routes to these compounds.  Although 
vanadium(II) compounds are more abundant than those of titanium(II), they are far less common 
than divalent complexes of the later members of the first row transition metal series.  The most 
common starting materials contain N-, O-, P-, and halide donors, and a general discussion of 
some examples of these compounds is detailed below.
1,14,33,34
    
The divalent halide VCl2, which adopts a solid state structure similar to that of TiCl2, can 
be formed from the reduction of VCl3 or VCl4 with H2 or from the thermal disproportionation of 
VCl3.
14,19,35-38
  Like the starting materials for titanium(II), Lewis base adducts of vanadium(II) 
halides are amongst the common starting materials for vanadium(II) compounds.  In addition to 
the aqueous vanadium(II) compounds previously discussed, the metastable methanol adducts 
VX2(CH3OH)2 have been formed in solution by electrolytic reduction of VX3.  These aqueous or 
methanol adducts have been used to form certain other vanadium(II) compouns by ligand 
substitution reactions.
8,39,40
 
 A common vanadium(II) starting material is the zinc-containing bimetallic complex, 
[V2(μ-Cl)3(THF)6]2[Zn2Cl6].  This compound can be synthesized from the reduction of VCl3 with 
zinc metal in THF, and was initially reported to be VCl2(THF)2 or a mixture of VCl2(THF)2 and 
ZnCl2(THF)x.
41-44
  Other vanadium-zinc bimetallic complexes are known; for example, the 
vanadium(II) acetylacetonate complex, V(acac)Cl•ZnCl2(THF)3 has been reported from the 
reduction of the vanadium(III) complex, V(acac)Cl2(THF)2 with zinc metal.
45
  Other similar 
starting materials with aluminate counteranions have also been synthesized; for example, if VCl2 
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is reduced with AlR2(OR’), the compound [V2(μ-Cl)3(THF)6]2[AlR2Cl2] can be isolated.
46,47
  
[V2(μ-X)3(THF)6]2[AlX4] has also been synthesized from the THF-induced disproportionation of 
the vanadium(I) compound [V(arene)2][AlX4].
48
  Additionally, solutions of VCl2(DME)n have 
been reported to form from the oxidation of the vanadium(0) compound, V(mesH)2 (mesH = 
mesitylene) in DME with trityl chloride, Ph3CCl.
26
   
 Many phosphine and amine compounds have been synthesized either from [V2(μ-
Cl)3(THF)6]2[Zn2Cl6] or by reduction of higher valent starting materials in the presence of the 
Lewis base.  The preparations of some of these compounds are outlined in the scheme below: 
 
The dimer [VCl2(PEt3)2]2 has been claimed to result from the addition of triethylphosphine to 
[V2(μ-Cl)3(THF)6]2[Zn2Cl6],
43
 but this claim has never been verified.  The dinuclear 
vanadium(II) compound [VCl(dmpm)BH4]2 can be synthesized from the addition of dmpm 
(dimethylphosphinomethane) to [V2(μ-Cl)3(THF)6]2[Zn2Cl6] followed by the addition of 
LiBH4.
49
  VCl2(dmpe)2 has also been reported, and is synthesized from the addition of dmpe to a 
suspension of [V2(μ-Cl)3(THF)6]2[Zn2Cl6].
20
  The bis(diisopropylphosphino)ethane complex, 
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VBr2(dippe)(THF)1.5 has been formed from the in situ reduction of VBr3(THF)3 with magnesium 
in the presence of the phosphine.
50
   
 The starting material [V2(μ-Cl)3(THF)6]2[Zn2Cl6] has also been used to synthesize a 
series of vanadium(II) amine complexes, including VCl2(tmeda)2, VCl2(N,N,N′-
trimethylethylenediamine)2, and VCl2(pyrrolidine)4; these can be synthesized by the reaction of 
the vanadium zinc precursor and the respective amine.  The pyridine compound VCl2(py)4 can 
also be prepared in this way; it had previously been synthesized by electrochemical means.
51,52
  
The cluster complex [V3Cl5(tmeda)]
+
 has also been reported to form by a method similar to that 
used to make the analogous titanium(II) species.
24
   
 Other octahedral vanadium(II) compounds have also been synthesized.  For example, the 
vanadium(II) acetonitrile complex [V(MeCN)6]
+2
 can be formed from the reaction of SiMe3I 
with VCl3(MeCN)3 in acetonitrile or from reactions of alkyl zinc reagents with VCl3 in 
acetonitrile.
53-55
 Vanadium(II) isonitrile complexes have been isolated from the reaction between 
[Et4N][V(CO)6] and a halogen in the presence of an isonitrile.
56
  [V(NH3)6]I2 has been reported 
from the reaction of VI2 with liquid ammonia.
57
  VI2(THF)4, which has been synthesized from 
the addition of SiMe3I to [V2Cl3(THF)6][AlCl2Et2], has been used to prepare several phosphine 
and amine complexes, among others.
53
  Several vanadium(II) alkoxides have been reported; for 
example [Li(THF)]2[V(2,6,-diisopropylphenoxide)4] has been prepared from [V2Cl3(THF)6][PF6] 
and the lithium salt of the phenoxide.
58-60
  Starting materials for organometallic compounds 
include the monocyclopentadienyl complexes [CpVXPR3]2, which are synthesized from the 
reduction of the vanadium(III) compounds CpVX2(PR3)2 with aluminum or zinc. 
61,62
    
 Common chromium(II) starting materials and routes to these compounds.  More 
inorganic coordination compounds of chromium(II) are known than those of titanium(II) or 
9 
 
vanadium(II).  The divalent halides CrX2 can be synthesized from the reaction of chromium 
metal and HX or I2, from the reduction of CrX3 with H2, or from the disproportionation of CrCl3 
at high temperatures.
14,19,63,64
  The chromium(II) centers in the solid state structures of these 
compounds all adopt distorted octahedral geometries due to the Jahn-Teller effect.  For example, 
CrF2 forms a distorted rutile structure in which four fluoride ions are 2.00 Å from the 
chromium(II) cation, and two that are 2.43 Å from the chromium(II) center.
14
  
 Like the titanium(II) and vanadium(II) analogs, chromium(II) halides form many Lewis 
base adducts.  For example, THF adducts of the form CrX2(THF)2 have been synthesized by 
Soxhlet extraction of the metal dihalide with THF, and from the reaction of chromium metal with 
HX in THF; the crystal structure of CrBr2(THF)2 has been reported as a distorted octahedral 
structure with two of the coordination sites filled with intermolecular bonds to bromides of 
neighboring molecules.
65-67
 Several chromium(II) complexes of bidentate phosphines are known:  
the dmpe complex CrCl2(dmpe)2 is formed from the reaction of CrCl2(THF) and dmpe,
20
 and the 
o-bis-(dimethylphosphino)benzene complex, CrCl2(diphos)2 can be formed from the reaction of 
CrCl2(THF) with the phosphine.
68
  Some chromium(II) complexes with nitrogen donors have 
also been reported; CrCl2(py)2(H2O)2 and CrCl2(py)4(acetone) have been obtained from the 
addition of an aqueous solution of CrCl2 to pyridine and then further addition of acetone.
13
 The 
dinuclear tmeda complex [CrCl(μ-Cl)(tmeda)]2 is synthesized from CrCl2(THF) and tmeda.
69
  
Several chromium(II) alkoxides and aryloxides have also been reported.  Many of the alkoxides 
are polymeric in nature and show low solubilities.
70
  Some chromium(II) complexes of bulky 
aryloxides have been isolated as molecular species; for example, [2,6-(t-Bu)2-4-
MeC6H2O]2Cr(THF)2 has been reported from the reaction of the substituted phenol with the 
mesityl complex CrMes2(THF).
71
 
10 
 
 The red colored chromium(II) acetate complex Cr2(OAc)4(H2O)2 was first synthesized in 
1844.
1
  It can be obtained from the addition of sodium acetate to CrCl2 in water, and dehydrated 
to the anhydrous form, Cr2(OAc)4.
72-74
  The acetylactonate complex, Cr(acac)2 can be 
synthesized from chromium(II) acetate and 2,4-pentanedione in aqueous solution, but must be 
dried quickly to avoid decomposition.
75-77
  In addition to this β-diketonate complex, 
chromium(II) β-ketoaminate and β-diketiminate complexes have also been reported.78-81 
 Like Cr2(OAc)4 and [CrCl(μ-Cl)(TMEDA)]2 discussed above, many common 
chromium(II) compounds are binuclear and many have metal-metal bonds.
82
  Molecules of 
stoichiometry Cr2(OCR)4L2 have bridging carboxylate groups and a Cr-Cr quadruple bond with 
the donor ligands in the axial positions:
83,84
   
 
Molecules of this form have been synthesized with Lewis bases such as piperdine, 2-methyl-
pyridine, and pyridine.
85,86
  Several reviews of these binuclear chromium(II) carboxylates 
exist.
82,87
   
In terms of organometallic starting materials, the complex [Cp*Cr(μ-Cl)]2 has been 
reported from the reduction of the chromium(III) compound [Cp*Cr(μ-Cl)Cl]2 or the reaction of 
CrCl2 with Cp*Li.  Substitution reactions have been employed to synthesize alkylated complexes 
of the form [Cp*Cr(μ-R)]2.
88
  Analogous compounds have also been formed with bridging 
alkoxide groups from the reaction of the alcohol and chromocene.
89
  
11 
 
 
Conclusions 
 Divalent complexes of the first row transition series exhibit a diverse chemistry.  Due to 
the high orbital energies of the early transition metals, these complexes are highly reducing and 
their chemistry is less well explored than that of divalent complexes of the later transition metals.  
Many of the starting materials for these species are Lewis base adducts of the corresponding 
metal halide complexes, especially with ethers, phosphines, and amines.  For chromium(II), 
common starting materials are dinuclear complexes, such as chromium(II) acetate.  This thesis 
will outline several novel compounds of first row transition metals in the divalent oxidation state, 
and discuss some reaction chemistry associated with this oxidation state.   
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Chapter 2: Synthesis and characterization of pentamethylcyclopentadienyl  
aminodiboranate complexes of the transition metals 
 
Introduction   
 Volatile transition metal complexes that contain boron hydride ligands are desirable for 
their potential as chemical vapor deposition (CVD) precursors for metal diboride films.
1-10
  
Homoleptic metal boron hydride complexes often are volatile for two reasons:  the low 
polarizability of the hydrogen atoms reduces intermolecular London dispersion forces, and the 
partial negative charges on the hydrogen atoms, which result from the electropositive nature of 
boron, create intermolecular Coulombic repulsions.
11
  For these reasons, and also to avoid the 
contamination of metal diboride thin films by heteroatoms such as carbon, nitrogen, or oxygen, 
the Girolami group has pioneered the use of homoleptic boron hydride compounds as CVD 
precursors.  Unfortunately, the only homoleptic borohydride (BH4
-
) complexes of the transition 
metals that are volatile are those of titanium(III), zirconium(IV), and hafnium(IV).
12
  This 
situation is a consequence of two properties of the tetrahydroborate anion: it is highly reducing 
and relatively small.  Transition elements from groups 5 or later are generally reduced to lower 
oxidation states, and their coordination spheres are not saturated by the number of 
tetrahydroborate ligands needed to cancel the charge.   
This analysis suggests that other volatile complexes of the transition could result by using 
boron hydride ligands that are more sterically demanding per unit charge than BH4
-
.  One anion 
that meets this criterion is the octahydrotriborate anion, B3H8
-
.
13-16
  Our group discovered that  
Cr(B3H8)2 is a volatile compound that serves as a useful precursor for CrB2, but no other 
homoleptic B3H8
-
 compounds of the transition metals could be isolated.
13,14
  It was possible, 
20 
 
however, to prepare and characterize several heteroleptic compounds containing the B3H8
-
 
ligand, such as Cp2Ti(B3H8)2, Cp*V(B3H8)2, and Cp*Cr(B3H8)2.
15,16
 
 Recently our group has discovered an entirely new class of CVD precursors: metal 
complexes of the chelating borohydride N,N-dimethylaminodiboranate (DMADB)
17
 and related 
N,N-dialkylaminodiboranates.
11,18,19
  Several alkali metal,
19-21
 alkaline earth,
18,22-24
 
lanthanide,
11,25-27
 and actinide
11,28-30
 complexes of these ligands have been synthesized.  
Additionally, several transition metal complexes have been synthesized, although only for early 
transition metal elements, namely Ti(DMADB)2, Cr(DMADB)2, Mo(DMADB)2, and 
Mn(DMADB)2.
31
  To date, attempts to synthesize homoleptic DMADB complexes of the later 
transition metals have not afforded isolable molecular products, often due to over-reduction of 
the metal center or the formation of metal-hydride complexes by B-H bond cleavage.
31
   
 In an effort to stabilize DMADB complexes of the later transition metals, we were 
interested in determining whether the pentamethylcyclopentadienyl (Cp*) group could, by virtue 
of its strong electron donor ability and large steric size, stabilize heteroleptic aminodiboranate 
complexes of the later transition elements toward reduction and B-H bond cleavage.  Here, we 
report the synthesis and characterization of heteroleptic complexes of the later transition metals 
that contain both aminodiboranate and pentamethylcyclopentadienyl ligands.  Complexes of the 
form Cp*M(DMADB) have been obtained for vanadium(II), chromium(II), iron(II), 
ruthenium(II), and cobalt(II) metal centers; these are the first DMADB complexes reported for 
all of these metal centers except chromium(II).  Additionally, several analogous N-ethyl-N-
methylaminodiboranate complexes have been synthesized to help establish the molecular 
structures.  
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Results and Discussion 
Synthesis of Pentamethylcyclopentadienyl Aminodiboranate Complexes.  The 
vanadium complex Cp*V(DMADB), 1, can be synthesized by treatment of the vanadium(III) 
starting material [Cp*VCl2]3 with NaDMADB; in addition to displacement of the chloride 
groups, the metal center is reduced to vanadium(II): 
 
 
 Interestingly, the solutions are red throughout the purification process, but the product 1 
sublimes as a light green crystalline solid.  Related complexes of the form Cp*M(DMADB), 
where M = Cr (2), Fe (3a), Ru (4a), and Co (5a) can be obtained by treatment of the 
corresponding divalent precursors [Cp*MX]n with sodium N,N-dimethylaminodiboranate in 
diethyl ether at -78 °C according to the following scheme:   
 
 
Several analogous N-ethyl-N-methylaminodiboranate complexes have been synthesized 
by the same method:   
22 
 
 
All the reactions are complete after several hours of stirring except that for the vanadium 
complex, which reaches completion (as monitored by 
11
B NMR spectroscopy) only after the 
reaction solution has been stirred overnight.  All the compounds are purified by the removal of 
diethyl ether under reduced pressure, followed by extraction into pentane, filtration and removal 
of the pentane, and subsequent sublimation of the residue at room temperature under static 
vacuum.  The sublimation behavior of all of the complexes is similar to that of substances with 
room temperature vapor pressures of ca. 10
-2
 Torr.  For comparison, the room temperature vapor 
pressures of Hf(BH4)4 and Mg(DMADB)2 are ~15 and 0.8 Torr, respectively,
23,32
 whereas 
naphthalene and ferrocene have vapor pressures of 0.083 and 7.5 × 10
-3
 Torr.
33
    
The iron and ruthenium derivatives decompose over a day at room temperature, and the 
vanadium, cobalt, and chromium species decompose slowly over a few weeks.  Complexes of 
the (H3B)2NEtMe ligand are significantly more thermally unstable than their N,N-dimethyl 
counterparts, presumably due to the higher reducing nature of the ligand.  For example, 
Cp*Fe[(H3B)2NEtMe], 3b, completely decomposes to a black oil at room temperature within 
hours, and decomposition is evident throughout the purification process even when care is taken 
to minimize the length of time the compound is kept at room temperature.  A decomposition is 
similarly noted in the known Cp’Fe(κ3-BH4), where Cp’ is 1,2,4-(Me3C)3C5H2; this complex 
reports a thermal decomposition to [Cp’FeBH2]3 and H2.
34
  Owing to the unstable nature of these 
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compounds, the isolated yields are relatively low, although the reactions appear to proceed in 
nearly quantitative yields as judged by 
11
B NMR spectroscopy.  Specifically, no other boron 
containing products are detected in the reaction solutions except in some cases a small amount of 
the hydrolysis (or thermal decomposition) product μ-(N,N-dimethylamino)diborane, B2H5NMe2.  
This latter compound is formed in much larger amounts in the synthesis of 1, because it is the 
primary product (presumably along with H2) that accompanies the reduction of the vanadium(III) 
centers in the [Cp*VCl2]3 starting material to vanadium(II).  All of the complexes are also very 
air and moisture sensitive.   
The reactions of other heteroleptic metal halide complexes with NaDMADB were 
examined, but none led to metal DMADB products.  In particular, Cp*TiCl3, Cp*ZrCl3, 
CpTaCl4, Cp*NbCl4, Cp*MoCl4, Cp*2Os2Br4, [Cp*RhCl2]2, [Cp*RhCl], and [Cp*NiBr]2 react 
with NaDMADB in diethyl ether to generate μ-(N,N-dimethylamino)diborane as the only boron-
containing product as observed by 
11
B NMR spectroscopy, and no metal DMADB complexes 
could be isolated from the reaction solutions.  Reactions of NaDMADB with TaCl2Me3 and with 
(COD)PdCl2, where COD = 1,5-cyclooctadiene, also did not afford DMADB containing 
products; in fact, the latter reaction resulted in reduction to palladium metal.   
Efforts to synthesize the manganese complex Cp*Mn(DMADB) were unsuccessful.  We 
attempted to prepare a “Cp*MnX” starting material in situ by the addition of one equivalent of 
LiCp* to Mn(OTf)2, where OTf = trifluoromethanesulfonate;  this material was subsequently 
treated with NaDMADB.  This reaction sequence yielded an intractable yellow oil.  Similarly, 
addition of one equiv. of LiCp* to Mn(DMADB)2 did not result in the formation of LiDMADB 
as judged by 
11
B NMR spectroscopy, and no manganese DMADB products could be isolated 
from the reaction solutions.  
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In the following sections, we will first describe the crystallographic results and then 
discuss the spectroscopic and magnetic properties of the new compounds.  
Crystallographic Studies and Structural Comparisons.  Crystallographic data for the 
(H3B)2NMe2 complexes 1, 2, 4a, and 5a are collected in Table 2.1, and crystallographic data for 
the (H3B)2NEtMe complexes 3b, 4b, and 5b are collected in Table 2.2.  The hydrogen atom 
positions could be refined in most of these crystal structures; for some of the (H3B)2NMe2 
compounds, the boron atoms of the ligand were disordered over two locations, rendering the 
hydrogen atom positions suspect.  Fortunately, in such cases we were able to clarify the 
hydrogen atoms positions by growing crystals of the corresponding (H3B)2NEtMe complex.  
These complexes crystallized with less disorder than their N,N-dimethyl analogues.   
The molecular structure of the vanadium complex 1 is shown in Figure 2.1, and selected 
bond lengths and bond angles for this compound are given in Table 2.3.  In this vanadium(II) 
molecule, the DMADB ligand is symmetrically bound to the metal center with nearly identical 
V···B distances to the two boron atoms of 2.381(7) and 2.409(7) Å.  The V···B distances and the 
hydrogen atom positions, which were apparent in the difference map, both suggest that the 
DMADB ligand is bound in a κ2,κ2 fashion.  This binding mode of the DMADB ligand is 
exhibited in most of the known homoleptic DMADB complexes of transition metals.
31
   
There are relatively few boron hydride compounds of vanadium(II) with which to 
compare the structural parameters.  CpV(BH4)(dmpe), where dmpe is 1,2-bis(dimethyl-
phosphino)ethane, exhibits a κ2-BH4
-
 group with a V···B distance of 2.254(9) Å; the authors 
comment that this distance is surprisingly short and attribute it to the low spin configuration of 
the metal center.
35,36
  The V···B distances in 1 are somewhat longer than that of 2.314(14) Å to 
the κ2-BH4
-
 group in [V(BH4)(μ-Cl)(μ-dppm)]2, where dppm is bis(diphenylphosphino) 
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methane,
37
 and of 2.372(10) Å in the bis(dimethylphosphino)methane analogue [V(BH4)(μ-
Cl)(μ-dmpm)]2.
38
  Other known vanadium(II) boron hydrides are not κ2: the complex 
V(BH4)2(dmpe)2 has κ
1
-BH4
-
 groups with a much longer V···B distance, as expected, of 2.833(4) 
Å.
39
  Several vanadium(III) boron hydride complexes are known,
12,15,40
 and their V···B distances 
are somewhat shorter than those in 1, again as expected.  For instance, the vanadium(III) 
complex, V(BH4)3(PMe3)2 has V···B distances to the κ
2
 borohydrides of 2.367(8) and 2.364(5) 
Å.
40
 
The molecular structure of the blue chromium complex 2 is shown in Figure 2.2, and 
selected bond lengths and angles are collected in Table 2.4.  The DMADB ligand is 
symmetrically bound to the chromium center with Cr···B lengths of 2.402(3) and 2.399(3) Å for 
Cr(1)···B(1) and Cr(1)···B(2), respectively.  These Cr···B distances are similar to those of 
2.371(3) and 2.384(5) Å reported for Cr(DMADB)2,
31
 in which the hydrogen positions are 
disordered but the DMADB ligands are thought to be κ1,κ1.  The Cr···B distances are also similar 
to those of 2.378(1) and 2.385(1) Å in Cr[(H3B)2NEtMe]2, which exhibits a κ
1
,κ1 binding mode 
as reported in Chapter 5.  In 2, each boron atom is bound to (a) one terminal hydride, (b) one 
hydride that is clearly bound to the metal with a Cr-H distance of 1.92-1.93(3) Å, and (c) one 
hydride that forms a much longer Cr-H contact of 2.17(3) and 2.34(3) Å for Cr(1)-H(11) and 
Cr(1)-H(21), respectively.  The short Cr-H distances in 2 are comparable to those of 1.922(15)-
1.930(15) Å seen for the square planar compound Cr[(H3B)2NEtMe]2, in which only one 
hydrogen atom on each boron atom is bound to the metal center.   The longer Cr-H distances in 2 
are comparable to those of ca. 2.1 Å in this same square-planar chromium(II) compound.  These 
comparisons suggest that the DMADB ligand in 2 is also best thought of as being bound in a 
κ1,κ1 fashion. 
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One consequence of the κ1,κ1 DMADB binding mode is that the dihedral angle between 
the Cp* plane and the B(1)-Cr(1)-B(2) plane is 68.50(13)°, which is more acute than the 82.5-
86.4° values seen for the other molecules described in this chapter (see below).  Figure 2.3 shows 
a side view of the molecule that clearly shows this angle.  
The crystal structure of the purple iron complex 3a shows a large amount of disorder in 
the locations of the atoms of the DMADB ligand.  As a result, we will not discuss its structure in 
detail, but will merely point out that the crystallographic results and its IR spectrum strongly 
suggest that it has the same structure as its (H3B)2NEtMe analogue 3b.  The molecular structure 
of 3b is shown in Figure 2.4, and selected bond lengths are given in Table 2.5. The 
aminodiboranate ligand is asymmetrically bound in a κ1,κ2 fashion with Fe···B distances of 
2.477(3) and 2.064(3) Å for Fe(1)···B(1) and Fe(1)···B(2), respectively.  If each Fe-H 
interaction is regarded as occupying one coordination site, then the coordination geometry is 
pseudo-octahedral, as expected for a low spin d
6
 ion.   
Crystallographically characterized iron boron hydride complexes are relatively rare.
12,41
  
The Fe···B distance of 2.16(2) Å for the κ2 borohydride in (tppm)FeH(BH4), where tppm is 
MeC(CH2PPh2)3, is 0.1 Å longer than the κ
2
 Fe···B distance in 3b.
42
 Similarly, the Fe···B 
distances of 2.6 Å
43
 found for the κ1 borohydride ligand in the iron(II) pincer complex {[2,5-
(CH2P
i
Pr2)]2NC5H3}FeH(CO)(BH4) is 0.12 Å longer than those in 3b.  In contrast, the Fe-H 
distance of 1.615 Å in this κ1 borohydride iron(II) pincer complex is similar to those of 1.61(2) Å 
in 3b.
44
  An explanation of these differences is that the chelating nature of the aminodiboranate 
ligands makes the Fe-H-B angles more acute than they are in analogous κ1 BH4 complexes.  For 
example, the Fe-H-B angle of 120(2)° for the κ1 interaction in 3b is significantly more acute than 
that of 144.7° for the κ1-BH4 in the iron pincer complex.  Consistent with this hypothesis, the 
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Fe···B distances of 2.248(4) and 2.251(4) Å for the κ1,κ1-B3H8
-
 ligand in Cp*Fe(CO)(B3H8) are 
shorter than the κ1 Fe···B distance in 3b;  in this molecule the Fe-H-B angles of 102.3° and 
106.4° are more acute than they are in 3b.
43,45
   
The ruthenium compounds 4a and 4b have the same structure seen for the iron 
compounds 3a and 3b.  The molecular structure of the principal disordered component of 4a is 
shown in Figure 2.5 and selected bond lengths and angles are collected in Table 2.6.  4a is 
disordered with the Cp* ligand rotated over two locations and the DMADB ligand twisted over 
two locations.  The Ru···B distances in 4a are 2.438(9) and 2.323(7) Å for Ru(1)···B(1A) and 
Ru(1)···B(2A), respectively.  As seen for the iron analogues, we expect the DMADB ligand in 
4a to be bound in a κ1,κ2 fashion, giving the ruthenium center a pseudo-octahedral geometry, but 
the Ru···B distances should be more dissimilar than the 0.1 Å difference seen.  In the reported 
ruthenium boron hydride compounds discussed below,
46-50
 κ1 and κ2 Ru···B distances should 
differ by ca. 0.4 Å.  That discrepancy can be attributed to disorder, which evidently superposes 
the major occupancy κ1-BH3 group with the minor occupancy κ
2
-BH3 group, and vice versa.  The 
presence of disorder is further confirmed by the indistinctness of the hydrogen peaks in the 
electron density maps.    
In an effort to avoid disorder, we synthesized the N-ethyl-N-methylaminodiboranate 
analog 4b.  The molecular structure of 4b is shown in Figure 2.6 and selected bond lengths and 
angles are listed in Table 2.7.  The structure clearly shows that the aminodiboranate ligand is 
bound in a clearly asymmetric manner: the Ru···B distances are 2.577(4) and 2.211(4) Å for 
Ru(1)···B(1) and Ru(1)···B(2), respectively.  The 0.366 Å difference is much closer to the 
expected difference between κ1 and κ2 Ru···B distances.   
28 
 
 Crystal structures of only a few ruthenium(II) boron hydrides have been reported. The 
complex Ru(κ2-BH4)H(PMe3)3 exhibits a Ru···B distance of approximately 2.4 Å
43
 and Ru-H 
distances of 1.81(4) and 1.85(4) Å,
50
 whereas Cp*Ru(κ2-BH4)(P
i
Pr3) has Ru···B = 2.210(2) Å.
49
  
These κ2 Ru···B distances are similar to that in 4b.  The ruthenium(II) complex Cp*Ru(κ1,κ1-
B3H8)(PMe3) has Ru···B distances of 2.38(1) and 2.31(1) Å,
48
 and Ru (κ1,κ1-B3H8)H(CO)(PPh3)2 
has Ru···B distances of 2.439(6) and 2.484(6) Å.  These distances are about 0.1-0.2 Å shorter 
than the κ1 Ru···B distance in 4b.  Ru (κ1,κ1-B3H8)H(CO)(PPh3)2 has an Ru-H-B angle of 
approximately 104°,
43
 and this smaller angle accounts for the difference seen in the Ru···B 
distances.
46,47
 
 The dark red cobalt(II) compounds 5a and 5b adopt the same structure as their iron and 
ruthenium analogues.  Figure 2.7 shows the structure of 5a and Table 2.8 gives a list of selected 
bond lengths and angles.  The DMADB ligand is bound in κ1,κ2 fashion with cobalt-boron 
distances of 2.353(5) and 2.178(4) Å for Co(1)···B(1) and Co(1)···B(2), respectively.  Similarly 
(Figure 2.8 and Table 2.9), 5b exhibits 2.400(3) and 2.158(3) Å distances for Co(1)···B(1) and 
Co(1)···B(2), respectively. For comparison, the cobalt(II) borohydride complex Co(κ2-
BH4)H[P(c-Hx)3]2 has a Co···B distance of 2.14(1) Å that is very similar to the κ
2
 Co···B 
distances in 5a and 5b.
51
     
 In summary, the Cp*M(aminodiboranate) complexes exhibit M···B distances between 
2.3 and 2.6 Å for κ1H boron atoms, and between 2.0 and 2.4 Å for κ2H boron atoms; these ranges 
overlap somewhat because they are not corrected for the differing sizes of the metal atoms in the 
complexes we have studied.  The apparent M···B distances can be affected by disorder that 
involves swapping of the two ends of the aminodiboranate ligand, less disorder giving a greater 
disparity between the apparent κ1 M···B and κ2 M···B distances (even if the disorder can be 
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successfully modeled).  Because the (H3B)2NEtMe complexes tend to be less prone to this kind 
of disorder, these compounds often give a better measure of how the M···B distances depend on 
the binding mode.   
 1
H and 
11
B Nuclear Magnetic Resonance Spectra and Magnetic Susceptibilities.  The 
paramagnetic vanadium complex 1 has a room-temperature magnetic moment determined by the 
Evans method of 3.9 μB, which is similar to the values reported for other vanadium(II) 
complexes with three unpaired electrons.
52
  The 
11
B NMR spectrum contains a broad peak at 
δ -214.8, and the 1H NMR spectrum contains broad peaks at δ 107.24 and 45.84 due to the Cp* 
ring and the NMe2 groups of the DMADB ligand, respectively.  No 
1
H NMR resonance for the 
BH3 protons of the DMADB ligand could be located; this result is not surprising due to the 
proximity of these hydrogen atoms to the paramagnetic vanadium center.  
 The chromium(II) species 2 has a magnetic moment of 4.7 μB, which is similar to that 
reported for Cr(DMADB)2
31
 and is characteristic of a high spin d
4
 complex.  No 
1
H or 
11
B NMR 
signals could be detected for 2.   
 The iron(II) complexes 3a and 3b and are diamagnetic and the 
11
B NMR spectra of both 
contain binomial quartets (at δ -1.62 for 3a and δ -3.34 for 3b), in which the splitting is due to 
coupling of the 
11
B nucleus with the three hydrides on the BH3 centers; the JBH coupling constant 
of 92 Hz is similar to that seen for other diamagnetic DMADB complexes.
19,20,23,24
  The 
1
H NMR 
spectra of 3a and 3b feature a 1:1:1:1 quartet (with the same JBH coupling constant of 91 Hz) for 
the BH3 hydrides at δ -4.47 and -4.64, respectively.  The terminal and bridging hydrogen atoms 
on the aminodiboranate ligands must be exchanging rapidly, and the κ1 and κ2 BH3 groups must 
also be swapping identity, so that all of the BH protons are equivalent on the NMR time scale.  A 
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variable temperature NMR study of 3a in deuterated toluene showed that no decoalescence 
occurs down to –55 °C, so the barriers for these exchange processes must be low.   
The 
11
B NMR spectra of the ruthenium(II) complexes 4a (δ -1.12, JBH = 90 Hz) and 4b (δ 
-2.70, JBH = 91 Hz) are very similar to those of their iron analogues.  The ca. 1.5 ppm difference 
in the 
11
B NMR chemical shift of the N,N-dimethyl and the N-ethyl-N-methyl substituted 
aminodiboranate species indicates greater shielding for the latter, as might be expected from 
inductive effects.  A similar effect is seen in Na(H3B)2NMe2 (
11
B NMR in thf-d8: δ -10.1) and 
Na(H3B)2NEtMe (
11
B NMR in thf-d8: δ -13.1).  The 
1
H NMR spectra of the ruthenium(II) 
complexes are also similar to those of their iron analogues: the BH3 groups in 4a and 4b give rise 
to 1:1:1:1 quartets at δ -1.67 and -1.78, respectively, with JBH coupling constants of 90 Hz.  The 
equivalence of all the B-H protons shows that these complexes must be dynamic also. A variable 
temperature NMR study of 4a in deuterated toluene shows no decoalescence down to -90 °C.   
 The cobalt (II) species 5a and 5b are paramagnetic.  The magnetic moment of 5a is 2.0 
μB, which is similar to values reported for low spin cobalt(II) complexes.
53,54
  The 
11
B NMR 
spectra show broad signals at δ -85.5 and -84.1 for 5a and 5b, respectively.  The 1H NMR 
spectrum of 5a contains broad peaks at δ 45 and 7.85 that can be attributed to the protons of Cp* 
and the methyl substituents on the DMADB ligand, respectively.  The spectrum of 5b similarly 
has peaks at δ 45 and 8.12 due to the Cp* protons and the N-methyl substituent of the 
aminodiboranate group.  This spectrum also has broad peaks at δ 2.51 (CH2) and -1.13 (Me) for 
the N-ethyl substituent.  The protons of borohydride groups do not give observable resonances, 
presumably because they are significantly shifted and broadened by their proximity to the 
paramagnetic cobalt center.  
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 Electron Paramagnetic Resonance Spectra.  EPR spectra were obtained as frozen 
glasses for the vanadium(II) and cobalt(II) species, 1 and 5a in a 50:50 pentane and toluene 
mixture; these spectra are shown in Figures 2.10 and 2.11, respectively.  Analysis of the EPR 
spectra may be performed using the spin Hamiltonian:           [  
  
 
 
 (   )  
 (  
    
 )]      , where β is the electron Bohr magneton, B is the magnetic field strength, g 
is the g-tensor, S is the electron spin of the complex, D is a zero-field splitting parameter, A is 
the hyperfine coupling tensor, I is the nuclear spin of the metal center, and λ is a symmetry 
parameter that can vary from zero for axial symmetry to one third for the maximum possible 
rhombic symmetry.
55
  A spectrum was also obtained for 2, but the features were weak and were 
probably due to adventitious chromium(III) impurities.  Many high spin chromium(II) species 
are known to be EPR silent at X-band frequencies.
56
 
 The spectra of 1 has a geff = 3.8 (g = 1.9) and g = 2.0; these values are similar to those 
of 1.991(1) and 2.001(2) reported for vanadocene (Cp2V).
57
 The hyperfine coupling to the I = 7/2 
51
V nuclei is 45 Gauss.  The zero field splitting, D, is greater than 0.3 cm
-1
 and λ is less than 
0.02, indicating that this molecule has axial or near-axial symmetry.  The spectrum of the s = 1/2 
cobalt compound, 5a has g = g = 2.0; these values are similar to those known for some low-
spin cobalt(II) compounds.
58
  The hyperfine coupling to the I = 7/2 
59
Co is 57 Gauss.  
Simulations of these spectra will be investigated in the future.   
 Infrared Spectra.  The IR spectra of these complexes each show bands that can be 
attributed to bridging and terminal boron-hydride stretching modes (Table 2.11).  The 
frequencies listed in this table are those of the strongest peaks in the spectra; other weaker bands 
and shoulders in the B-H stretching region are given in the Experimental Section.  In the 
vanadium(II) complex 1, two sharp bands in approximately a 1:1 ratio at 2428 and 2132 cm
-1
 can 
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be attributed to the terminal and bridging B-H stretches, respectively, of the κ2,κ2-DMADB 
ligand.  A similar pattern is generally seen for other transition metal complexes bearing κ2,κ2-
DMADB ligands, although sometimes the lower frequency band is split into several closely-
spaced components.
31
  The IR spectrum of the chromium complex 2 has broader bands at 2418 
and 2021 cm
-1
 that can be similarly assigned.  The IR spectrum of the iron complex 3a has strong 
bands in an approximate 2:1 ratio at 2423 and 1870 cm
-1
 for the bridging and terminal hydrides; 
likewise, 3b has a strong band at 2422 cm
-1
 and a broader and weaker band at 1885 cm
-1
.  
Terminal and bridging B-H stretches for the ruthenium compound 4a are present at 2416 and 
1806 cm
-1
, and the spectrum for 4b similarly shows peaks at 2418 and 1813 cm
-1
.  The spectrum 
of the cobalt complex 5a has bands at 2411 and 1827 cm
-1
, and 5b has bands at 2410 and 1828 
cm
-1
, for the terminal and bridging hydride stretches, respectively.   
 Overall, the κ2,κ2 aminodiboranate bonding mode in 1 can be easily distinguished from 
the other binding modes discussed here by its sharp bands with an approximately 1:1 intensity 
ratio.  The intensities of the IR bands for the κ1,κ1 binding mode in the Cr complex 2 are 
generally similar to those for the κ1,κ2 mode in the Fe, Ru, and Co complexes, but the bands for 
the 2 are broader.  It can also be noted that the frequency difference between the terminal and 
bridging stretches increases as the M-H bonds become more covalent; thus the frequency 
difference is smallest for vanadium(II) complex 1, 296 cm
-1
, and largest for the ruthenium(II) 
species 4a and 4b, 610 and 605 cm
-1
, respectively. 
 Electronic Structure.  The DMADB ligand in both the vanadium complex 1 and the 
chromium complex 2 is bound symmetrically.  In 1 the DMADB ligand is κ2,κ2 and the M···B 
distances of ~2.4 Å are similar to those in other first-row transition metal compounds that 
contain κ2,κ2-DMADB ligands.31  In contrast, in 2 the DMADB ligand is bound in a fashion that 
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is best viewed as κ1,κ1.  Finally, the aminodiboranate ligand in the iron compounds 3a and 3b, 
the ruthenium compounds 4a and 4b, and the cobalt compounds 5a and 5b are all bound in an 
asymmetric κ1,κ2 fashion.  The dihedral angle between the B-M-B plane and the Cp* plane is 
close to 90° for all the compounds except the chromium complex 2.  A comparison of the M···B 
distances and dihedral angles for all the new compounds is shown in Table 2.10.   
The bonding mode of the aminodiboranate ligand in most of the complexes can be 
rationalized with a simple bonding model that is based on observations for transition metal BH4 
complexes.
59-62
  Except when symmetry considerations create non-bonding combinations of the 
hydrogen orbitals (as occurs in Td M(κ
3
-BH4)4 and D3h M(κ
3
-BH4)3L2 complexes), the number of 
bound hydrogen atoms is often equal to the number of empty valence orbitals (s, p, and d) on the 
metal center, after taking into account the donor properties of the other ligands and the d-electron 
configuration.  Thus, the chromium(II) compound 2 contains a high spin d
4
 center, so that the 
four d-electrons half-occupy four of the d-orbitals.  Three additional orbitals are devoted to 
binding of the Cp* ligand.  Therefore, of the nine total valence orbitals available, 9 – 4 – 3 = 2 
are empty and thus available for bonding with the DMADB ligand.  This analysis accounts for 
the observed structure, in which the DMADB ligand is bound in a κ1,κ1 fashion. 
 The structures of 3a, 3b, 4a, and 4b can all be rationalized on similar grounds.  These 
iron(II) and ruthenium(II) complexes have low spin d
6
 electronic configurations, which fill three 
of the d-orbitals.  Three additional orbitals are used for binding the Cp* ligand, leaving 9 – 3 – 3 
= 3 orbitals for binding the aminodiboranate ligand.  This number accounts for its observed κ1,κ2 
binding mode, and the resulting pseudo-octahedral geometry about the metal center. 
 The structures of the cobalt(II) and vanadium(II) structures are more difficult to justify by 
means of this electronic model.  The cobalt(II) species 5a and 5b contain low spin d
7
 centers, so 
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that the d-electrons occupy (or half-occupy) four orbitals.  After three valence orbitals are 
allocated to binding the Cp* ligand, only two valence orbitals are left for binding the 
aminodiboranate ligand.  Thus, it would be expected that the binding mode of these complexes 
should be κ1,κ1 rather than the κ1,κ2 binding mode actually seen.  We conclude that one of the d-
electrons must be in a metal-ligand anti-bonding orbital but that the destabilization caused by this 
electronic configuration is smaller than the increase in energy that would be caused by breaking 
one of the metal-hydrogen bonds.  There are, of course, many examples of low-spin compounds 
of the later first-row transition metals in which some of the d-electrons are in antibonding 
orbitals, the metallocenes Cp2Co and Cp2Ni being prominent representatives of such species.   
 The structure of the vanadium(II) complex 1 is unexpected, based on the bonding model 
described above.  This compound is high-spin with three unpaired d-electrons, and thus three 
orbitals are available for bonding to the DMADB ligand.  However, the crystallography suggests 
that this complex exhibits a κ2,κ2 binding mode instead of the κ1,κ2 mode that might be expected.  
The thermal ellipsoids for the boron atoms in the crystal structure of this compound are not 
particularly suggestive of a κ1,κ2 binding mode that is disordered in the solid state, the principal 
mean square atomic displacements all being below 0.2.  Furthermore, the IR spectrum of this 
compound is rather different from those that contain κ1,κ2 DMADB ligands.  The observed κ2,κ2 
binding mode evidently results in an electronic configuration for 1 in which one electron is in an 
anti-bonding orbital.  We think it unlikely, but we cannot completely rule out the possibility that 
the DMADB ligand in 1 really is κ1,κ2 but the structure is disordered in a way that is not readily 
detectible.  Attempts to isolate Cp*V[(H3B)2NEtMe] to further explore this point have so far 
been unsuccessful.   
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 Conclusions.  We have synthesized a series of heteroleptic aminodiboranate complexes 
of the form Cp*M[(H3B)2NMe2] and Cp*M[(H3B)2NEtMe].  These complexes are volatile and 
sublime at room temperature under static vacuum.  In addition, they exhibit a variety of binding 
modes for the aminodiboranate ligand: in the vanadium(II) compound Cp*V(DMADB) the 
aminodiborante ligand is κ2,κ2, in the chromium(II) compound Cp*Cr(DMADB) the ligand is 
κ1,κ1, whereas in the iron(II), ruthenium(II), and cobalt(II) analogues the aminodiboranate ligand 
is  κ1,κ2.  Most of these binding modes can be rationalized with a simple bonding model, the 
vanadium complex being an apparent exception for reasons that are not apparent at present.  DFT 
calculations are planned that may help to shed light on this issue.   
 
Experimental  
 All experiments were carried out under argon with standard Schlenk and glove box 
techniques.  Pentane and diethyl ether were distilled under nitrogen from sodium/benzophenone 
before use.  [Cp*VCl2]3,
63
 [Cp*CrCl]2,
64
 [Cp*RuCl]4,
65
 [Cp*CoCl]2,
66
 NaDMADB,
20
 and 
Na(H3B)2NEtMe
19
 were prepared by literature procedures.  [Cp*FeI]2 was formed in situ from 
the 1:1 reaction of anhydrous FeI2 and LiCp*.
67,68
  CrCl2 and FeI2 were used as purchased.  
Elemental analyses were performed by the University of Illinois Microanalytical Laboratory, and 
IR spectra were recorded on a Perkin Elmer Spectrum One spectrometer as Nujol mulls between 
NaCl plates.  
1
H and 
11
B NMR spectra were collected on a Varian Unity Inova 400 instrument 
and chemical shifts are referenced to tetramethylsilane (
1
H) and boron trifluoride etherate (
11
B).  
Magnetic moments were determined by the Evans method.   
(Pentamethylcyclopentadienyl)(N,N-dimethylaminodiboranato)vanadium(II), 
Cp*V[(H3B)2NMe2], 1.  To a mixture of [Cp*VCl2]3 (352 mg, 0.456 mmol) and Na(H3B)2NMe2 
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(252 mg, 2.32 mmol) at -78 °C was added diethyl ether (40 mL).  The mixture was stirred 
overnight and over this period slowly warmed to room temperature to generate a red solution.   
After approximately 12 h the reaction was complete as noted by 
11
B NMR.  The solvent was 
removed under vacuum; during this step the flask was allowed to cool as the solvent evaporated, 
so as to prevent loss of product by sublimation into the trap on the vacuum line.  The red residue 
was extracted with pentane (2 × 20 mL).  The extracts were filtered, and the filtrates were 
combined and evaporated to dryness.  The red residue was sublimed at room temperature and 
static vacuum to afford a green crystalline solid. Yield: 49 mg (14 %).  Anal. Calcd for 
C12H27B2NV:  C, 55.9; H 10.6; N 5.43.  Found:  C 55.7; H 10.6; N 5.53.  
1
H NMR (C6D6, 20 
°C): δ 107.24 (br s, fwhm = 1200 Hz, Cp*), 45.84 (br s, fwhm = 550 Hz, NMe2).  
11
B NMR 
(C6D6, 20 °C):  δ -214.8 (br s, fwhm = 930 Hz, BH3).  Magnetic moment (C6D6, 23 °C):  3.9 μB.  
IR (cm
-1
)  2428 s, 2316 w, 2247 w, 2132 s, 1309 m, 1239 w, 1214 w, 1178 w, 1158 s, 1122 m, 
1069 w, 1017 s,  931 w, 909 w, 799 w.   
(Pentamethylcyclopentadienyl)(N,N-dimethylaminodiboranato)chromium(II), 
Cp*Cr[(H3B)2NMe2], 2.  Method A. To a solution of [Cp*CrCl]2 (79 mg, 0.18 mmol) in diethyl 
ether (10 mL) at -78 °C was added a solution of Na(H3B)2NMe2 (40 mg, 0.42 mmol) in diethyl 
ether (10 mL).  After 20 min, the blue reaction mixture was allowed to come to room 
temperature and stirred at room temperature for 30 min.  The solvent was then evaporated under 
vacuum; during this step the flask was allowed to cool as the solvent evaporated, so as to prevent 
loss of product by sublimation into the trap on the vacuum line.  The blue residue was extracted 
with pentane (20 mL).  The extract was filtered, and the filtrate was evaporated to dryness under 
vacuum.  Crude yield: 60 mg (81%). Blue crystals were obtained by sublimation of the residue 
under static vacuum between room temperature and 35 °C.  Yield: 18 mg (24 %).   
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Method B. To a mixture of CrCl2 (115 mg, 0.936mmol) and LiCp* (131 mg, 0.921 
mmol) was added tetrahydrofuran (25 mL) at room temperature.  The resulting blue solution was 
stirred for approximately 19 h and then the solvent was removed in vacuum.  To this residue was 
added diethyl ether (10 mL) and a solution of Na(H3B)2NMe2 (85 mg, 0.89 mmol) in diethyl 
ether (10 mL).  The solution was warmed to room temperature, the mixture was stirred for 3 h, 
and then the solvent was evaporated under vacuum; during this step the flask was allowed to cool 
as the solvent evaporated so as to prevent loss of product by sublimation into the trap on the 
vacuum line.  The blue residue was extracted with pentane (20 mL), and the extracts were 
filtered and taken to dryness under vacuum.  Blue crystals were obtained by sublimation of the 
residue under static vacuum between room temperature and 35 °C.  Yield: 26 mg (13 %).  Anal. 
Calcd for C12H27B2NCr:  C, 55.7; H 10.5; N 5.41.  Found:  C 55.8; H 10.4; N 5.23.  Magnetic 
Moment (C6D6, 22 °C ): 4.7 μB.  IR (cm
-1
):  2418 s, 2314 w, 2277 w, 2063 w, 2020 w, 1989 m, 
1237 m, 1211 w, 1154 s, 1122 m, 1012 s, 927 m, 906 w, 801 m. 
(Pentamethylcyclopentadienyl)(N,N-dimethylaminodiboranato)iron(II), 
Cp*Fe[(H3B)2NMe2], 3a.  To FeI2 (162 mg, 0.522 mmol) and LiCp* (76mg, 0.53 mmol) was 
added diethyl ether (50 mL) at 0 °C and the mixture was stirred for 2 h.  This mixture was then 
cooled to -78 °C and a solution of Na(H3B)2NMe2 (49 mg, 0.52 mmol) in diethyl ether (30 mL) 
was added.  The solution was warmed to room temperature and stirred overnight.  The solvent 
was evaporated under vacuum; during this step, the flask was allowed to cool as the solvent 
evaporated so as to prevent loss of product by sublimation into the trap on the vacuum line.  The 
purple residue was extracted with pentane (20 mL).  The extract was filtered and the filtrate was 
evaporated to dryness under vacuum.  Dark purple crystals were obtained by sublimation of the 
residue under static vacuum at room temperature.  Yield: 23 mg (17 %)  Anal. Calcd for 
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C12H27B2NFe:  C 54.8; H 10.4; N 5.33.  Found:  54.9; H 10.6; N 5.06.  
1
H NMR (C6D6, 20 °C) δ 
1.91 (s, Cp*, 15H), 1.52 (s, NMe2, 6H), -4.47 (q, JBH = 91 Hz, BH3, 6H).  
11
B NMR (C6D6, 20 
°C): δ -1.62 (q, JBH = 92 Hz, BH3).  IR (cm
-1
):  2423 s, 2310 m, 1994 w, 1870 m, 1637 w, 1242 s, 
1217 m, 1180 m, 1163 s, 1091 s, 1028 s, 994 s, 932 m, 884 w, 815 m, 697 w.   
 (Pentamethylcyclopentadienyl)(N-ethyl-N-methylaminodiboranato)iron(II), 
Cp*Fe[(H3B)2NEtMe], 3b.  To a mixture of FeI2 (130 mg, 0.419 mmol) and LiCp* (60 mg, 
0.425) was added diethyl ether (30 mL) at 0 °C.  The mixture was stirred for 3 h and then cooled 
to at -78 °C and was treated with a solution of Na(H3B)2NEtMe (48mg, 0.437 mmol) in diethyl 
ether (30 mL).  The solution was stirred for 3 h and then was warmed to room temperature.  The 
solvent was evaporated under vacuum; during this step the flask was allowed to cool as the 
solvent evaporated, so as to prevent loss of product by sublimation into the trap on the vacuum 
line.  The purple residue was extracted with pentane (20 mL).  The extract was filtered and the 
filtrate was evaporated to dryness under vacuum.  Dark purple crystals were obtained by 
sublimation of the residue under static vacuum at room temperature. Yield: 2 mg (2 %).  
1
H 
NMR (C6D6, 20 °C): δ 1.92 (s, Cp*, 15 H), 1.80 (obscured by Cp*, NCH2, 2H), 1.48 (s, NMe, 
3H), 0.65 (t, JHH = 7.2 Hz, Me, 3H), -4.64 (q, JBH = 91 Hz, BH3, 6H).  
11
B NMR (C6D6, 20 °C): δ 
-3.34 (q, JBH = 93Hz, BH3).  IR (cm
-1
):  2422 s, 2333 w, 1885 w, 1416 m, 1208 m, 1172 m, 1161 
m, 1090 s, 1049 w, 1028 w, 1011 s, 964 m, 937 w, 796 w.  An elemental analysis was prevented 
by the thermal instability of this compound at room temperature.   
(Pentamethylcyclopentadienyl)(N,N-dimethylaminodiboranato)ruthenium(II), 
Cp*Ru[(H3B)2NMe2], 4a.  To a solution of [Cp*RuCl]4 (116 mg, 0.107 mmol) in diethyl ether 
(10 mL) at -78 °C was added a solution of Na(H3BNMe2BH3) (39 mg, 0.41 mmol) in diethyl 
ether (30 mL).  The solution was warmed to room temperature and stirred overnight.  The 
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solvent was removed under vacuum; during this step the flask was allowed to cool as the solvent 
evaporated, so as to prevent loss of product by sublimation into the trap on the vacuum line.  The 
red residue was extracted into pentane (30 mL).  The extract was filtered and the filtrate was 
evaporated to dryness under reduced pressure.  Red crystals were obtained by sublimation at 
room temperature under static vacuum.  Yield: 15 mg (11%)  Anal. Calcd for C12H27B2NRu:  C 
46.8; H 8.83; N 4.55.  Found:  C 46.9; H 8.85; N 4.64.  
1
H NMR (C6D6, 20 °C): δ 1.98 (s, NMe2, 
6H), 1.69 (s, Cp*, 15H ), -1.67 (q, JBH = 91 Hz, BH3, 6H).  
11
B NMR (C6D6, 20 °C):  δ -1.12 (q, 
JBH = 90 Hz, BH3).  IR (cm
-1
):  2416 s, 2321 m, 2304 m, 1806 m, 1346 s, 1241 m, 1218 w, 1178 
m, 1159 m, 1088 s, 1027 m, 983 s, 926 w, 868 w, 806 w.   
 (Pentamethylcyclopentadienyl)(N-ethyl-N-methylaminodiboranato)ruthenium(II), 
Cp*Ru[(H3B)2NEtMe], 4b.  A mixture of  [Cp*RuCl]4 (143 mg, 0.132 mmol) and 
Na(H3B)2NEtMe (59 mg, 0.542 mmol) was dissolved in diethyl ether (30 mL) at -78 °C.  After 
being stirred at -78 °C for 1 h, the solution was warmed to room temperature and stirred at room 
temperature for 30 min.  The solvent was removed under vacuum; during this step the flask was 
allowed to cool as the solvent evaporated, so as to prevent loss of product by sublimation into the 
trap on the vacuum line.  The red residue was extracted into pentane (30 mL).  The extract was 
filtered and the filtrate was evaporated to dryness under reduced pressures.  Red crystals were 
obtained by sublimation at room temperature under static vacuum.  Yield 19 mg (12%)  Anal. 
Calcd for C13H29B2NRu:  C 48.5; H 9.08; N 4.35.  Found:  C 47.9; H 9.07; N 4.56.  
1
H NMR 
(C6D6, 20 °C):  δ 2.34 (q, JHH = 7.5 Hz, NCH2, 2H), 2.00 (s, NMe, 3H), 1.77 (s, Cp*, 15H), 0.90 
(t, JHH = 7.3, Me, 3H), -1.78 (q, JBH = 90 Hz, BH3, 6H).  
11
B NMR (C6D6, 20 °C): δ -2.70 (q, JBH 
= 91 Hz, BH3).  IR (cm
-1
):  2418 m, 2334 w, 1813 w, 1207 m, 1088 m, 1031 w, 1006 m, 951 w, 
795 w.   
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 (Pentamethylcyclopentadienyl)(N,N-dimethylaminodiboranato)cobalt(II), 
Cp*Co[(H3B)2NMe2], 5a.  To a solution of [Cp*CoCl]2 (102 mg, 0.211 mmol) in diethyl ether 
(10 mL) at -78 °C was added a solution of Na(H3B)2NMe2 (51 mg, 0.537mmol) in diethyl ether 
(20 mL).  The mixture was warmed to room temperature and stirred for 1h and then the solvent 
was removed under vacuum; during this step the flask was allowed to cool as the solvent 
evaporated, so as to prevent loss of product by sublimation into the trap on the vacuum line.  The 
dark red residue was extracted into pentane (20 mL) and the extract was filtered and evaporated 
to dryness under vacuum.  The residue was sublimed under static vacuum between room 
temperature to afford dark red crystals.  Yield: 36 mg (32 %).  Anal. Calcd for C12H27B2NCo:  C 
54.2; H 10.2; N 5.27.  Found:  C 54.0; H 10.0; N 4.98.  
1
H NMR (C6D6, 20 °C): δ 45 (br s, fwhm 
= 2100 Hz, Cp *), 7.85 (br s, fwhm = 175 Hz, NMe2).  
11
B NMR (C6D6, 20 °C):  δ -85.5 (br s, 
fwhm = 785 Hz, BH3).  Magnetic Moment (C6D6, 22 °C): 2.0 μB.  IR (cm
-1
):  2411 s, 2316 w, 
2036 w, 1827 m, 1241 m, 1216 w, 1186 m, 1160 m, 1110 s, 1030 m, 1004 s, 974 w, 929 w, 891 
w, 808 w.     
 (Pentamethylcyclopentadienyl)(N-ethyl-N-methylaminodiboranato)cobalt(II), 
Cp*Co[(H3B)2NEtMe], 5b.  To a mixture of [Cp*CoCl]2 (132 mg, 0.287 mmol) and 
Na(H3B)2NEtMe (60 mg, 0.548 mmol) was added diethyl ether (30 mL) at -78 °C.  The solution 
was stirred for 1 h and then was warmed to room temperature and stirred for an additional 1 h.  
The solvent was removed under vacuum; during this step the flask was allowed to cool as the 
solvent evaporated, so as to prevent loss of product by sublimation into the trap on the vacuum 
line.  The residue was extracted with pentane (20 mL).  The red solution was filtered and the 
solvent was removed under reduced pressure.  The residue was sublimed at room temperature 
under static vacuum to afford dark red crystals.  Yield: 41 mg (25 %).  Anal. Calcd for 
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C13H29B2NCo:  C 55.8; H 10.4; N 5.00.  Found:  C 55.9; H 11.0; N 4.91.  
1
H NMR (C6D6, 20 
°C): δ 45 (br s, fwhm = 2000 Hz, Cp*), 8.12 (br s, fwhm = 225 Hz, NMe, 3H), 2.51 (br s, fwhm 
= 160 Hz, NCH2, 2H), -1.13 (br s, fwhm = 50 Hz, Me, 3H).  
11B NMR: δ -84.08 (br s, fwhm = 
760 Hz, BH3).  IR (cm
-1
):  2410 s, 2327 m, 2001 w, 1828 s, 1414 m, 1353 m, 1314 m, 1209 s, 
1173 s, 1109 s, 1073 m, 1051 m, 1017 s, 969 m, 938 m, 902 w, 845 w, 821 w, 796 w, 683w.   
Crystallographic Studies.
69
 Single crystals of 1, 2, 3b, 4a, 4b, 5a, and 5b, all obtained 
by sublimation, were mounted on glass fibers with Krytox oil (DuPont), and immediately cooled 
to -80 °C in a cold nitrogen gas stream on the diffractometer. Standard peak search and indexing 
procedures followed by least square refinement yielded the cell dimensions given in Table 2.1 
and Table 2.2.  Data were collected with an area detector by using the measurement parameters 
listed in Table 2.1 and Table 2.2.  The measured intensities were reduced to structure factor the 
amplitudes and their estimated standard deviations by correction for background, and Lorentz 
and polarization effects.  Systematically absent reflections were deleted and symmetry equivalent 
reflections were averaged to yield the sets of unique data.   
All structures were solved using the SHELXTL software package, followed by least-
squares refinement and difference Fourier calculations.  Non-hydrogen atoms were refined with 
independent anisotropic displacement parameters.  Except where noted below, all the hydrogen 
atoms attached to boron were located in the E-map and their locations were refined without 
constraints.  Other hydrogen atoms were placed in “idealized positions” with the idealized 
methyl groups allowed to rotate about their respective C-X axes to find the best least- squares 
positions.  Successful convergence was indicated by the maximum shift/error of less than 0.01
 
for the last cycle of least squares refinement.  Aspects of the refinements unique to each structure 
are detailed below.   
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 Cp*V[(H3B)2NMe2], 1.  Systematic absences h00 (h ≠ 2n), 0k0 (k ≠ 2n), and 00l (l ≠ 2n) 
were uniquely consistent with space group P212121. This crystal was affected by both pseudo-
merohedral and racemic twinning, the former being described by a twin law involving a 180° 
rotation about the a*b* diagonal; the a and b axes of this orthorhombic crystal are (accidentally) 
almost equal.  The volume fraction of the major twin individual was 0.84(4), and the racemic 
twin fractions were 0.53(17) and 0.56(25) for the two enantiomeric twins.  A face index 
absorption correction was applied.  The structure was solved by direct methods.  The B-H bond 
distances were restrained to be equivalent within 0.01 Å.  The quantity minimized by the least-
squares program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + (0.0736P)
2
}
-1
 and P = (Fo
2
 + 
2Fc
2
)/3.  An isotropic extinction parameter was refined to a final value of x = 2.4(6) × 10
-6
 where 
Fc is multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 with k being the overall scale factor. The 
largest peak in the final Fourier difference map (1.13
 
eÅ
-3
) was located 1.30 Å from atom 
H(23A). The second molecule in the asymmetric unit suggested that there was some disorder in 
C(24) (one of the methyl groups of DMADB), but this disorder was not modeled.   
 Cp*Cr[(H3B)2NMe2], 2.  Systematic absences hkl (h + k ≠ 2n) and h0l (l ≠ 2n) were 
consistent with space groups C2/c and Cc; the centrosymmetric choice C2/c was indicated by the 
average values of the normalized structure factors and was proven correct by the successful 
refinement of the proposed model.  SADABS was used sort, merge, and scale the data and to 
carry out a face indexed absorption correction.  The structure was solved using direct methods.  
The quantity minimized by the least-squares program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + 
(0.0620P)
2
 + 1.62P}
-1
 and P = (Fo
2
 - 2Fc
2
)/3.  The largest peak in the final Fourier difference 
map (0.47 eÅ
-3
) was located 1.07 Å from H(11A).  
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 Cp*Fe[(H3B)2NMe2], 3a.  The monoclinic cell had cell dimensions of a= 13.467(3), b = 
13.518(3), c = 33.727(8) Å, and β = 91.208(3) °.  Systematic absences hkl (h + k ≠ 2n) and h0l (l 
≠ 2n) were consistent with space groups C2/c and Cc; Cc was chosen to model the data after 
inspection of the space group with Platon.  Disorder was noted and modeled for the DMADB 
ligand and B-N distances were restrained to 1.57 ± 0.01 Å and N-C distances were restrained to 
1.48 ± 0.01 Å.  A face indexed absorption correction was applied, the maximum and minimum 
transmission factors being 0.94495 and 0.81042.  An isotropic extinction parameter was refined 
to a final value of x = 1.2 (3) × 10
-6
 where Fc is multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 
with k being the overall scale factor.  The quantity minimized by the least-squares program was 
Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + (0.1262P)
2
 + 48.49P}
-1
 and P = (Fo
2
 + 2Fc
2
)/3 and the 
wR2 for all the data was 0.2916.   Due to disorder hydrogen atoms were not found and the largest 
peak in the final Fourier difference 1.64 eÅ
-3 
was located at 1.20 Å from B2B.   
Cp*Fe[(H3B)2NEtMe], 3b.  The triclinic cell and the average values of the normalized 
structure factors suggested the centrosymmetric space group P
–
1, which was proven correct by 
the success of the refined model.  The crystal was a non-merohedral twin; the twin individuals, 
which were related by the twin law (1, 0, 0, 0, -1, 0, 0, 0, -1), were resolved using TWINABS. 
The volume fraction of the major twin individual was 0.356(1).  A face indexed absorption 
correction was applied, the maximum and minimum transmission factors being 0.745 and 0.637.  
The quantity minimized by the least-squares program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + 
(0.0506P)
2
 + 0.77P}
-1
 and P = (Fo
2
 + 2Fc
2
)/3.  The largest peak in the final Fourier difference 
0.41 eÅ
-3 
was located 0.73 Å from H(22B).  Note: The second molecule in the asymmetric unit 
suggested that there was some disorder in C(24) (methyl group of DMADB) and some of the 
Cp* methyl groups, but this disorder was not modeled.   
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Cp*Ru[(H3B)2NMe2], 4a.  Systematic absences for 00l (l ≠ 4n) and h00 (h ≠ 2n) were 
consistent with space groups P41212 and P43212 and the latter was proven by successful 
refinement of the proposed model.  SADABS was used sort, merge, and scale the data and to 
carry out a face indexed absorption correction.  Several restraints were imposed on the model:  
the B-N distances were restrained to be 1.58 ± 0.01 Å; the N-C distances were restrained to be 
1.48 ± 0.01 Å; Ru-B distances of the same binding mode were restrained to be the same within 
0.01 Å; the Ru-H distances of metal bound hydrides were restrained to be the same within 0.05 
Å; and distances between the boron atoms and the carbon atoms of the methyl substituents on the 
amine were restrained to be the same within 0.01 Å. The structure was disordered such that the 
Cp* group is disordered over two locations and the DMADB ligand twisted over two locations.  
Hydrogen atoms attached to boron were not found in the E-map.  All non-hydrogen atoms were 
restrained to be near-isotropic and have similar isotropic behavior.  The quantity minimized by 
the least-squares program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + (0.0319P)
2
 + 1.15P}
-1
 and 
P = (Fo
2
 + 2Fc
2
)/3.  An isotropic extinction parameter was refined to a final value of x = 8.2 (13) 
× 10
-7
 where Fc is multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 with k being the overall scale 
factor. The largest peak in the final Fourier difference map (0.29
 
eÅ
-3
) was located 0.78 Å from 
atom Ru(1).   The structure is that of the correct enantiomer as shown by a Flack parameter of 
0.03(7). 
 Cp*Ru[(H3B)2NEtMe], 4b.  Systematic absences 0k0 (k ≠ 2n) and h0l (l ≠ 2n) were 
uniquely consistent with space group P21/c.  A face indexed absorption correction was applied.  
The reflections (100) and (002) were statistical outliers and were deleted from the data set.  The 
B-H distances were restrained to be 1.15 ± 0.01 Å.  The quantity minimized by the least-squares 
program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + (0.0010P)
2
}
-1
 and P = (Fo
2
 + 2Fc
2
)/3.  The 
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largest peak in the final Fourier difference map (0.67
 
eÅ
-3
) was located 0.86 Å from atom H(22).  
The second molecule in the asymmetric unit had relatively large displacement parameters for the 
methyl groups of the Cp* ligand, but it was not necessary to invoke a disorder model with split 
atomic positions.   
 Cp*Co[(H3B)2NMe2], 5a.  Systematic absences 00l (l ≠ 4n) and the Laue symmetry were 
consistent with space groups P41 and P43; the latter was proven to be correct by successful 
refinement of the proposed model.  A psi scan absorption correction was applied.  The B-H 
distances were restrained to be 1.15 ± 0.01 Å.  The crystal was twinned by non-merohedry 
according to the twin law (1 0 0 0 -1 0 0 0 -1).  The quantity minimized by the least-squares 
program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + (0.0267P)
2
}
-1
 and P = (Fo
2
 + 2Fc
2
)/3.  An 
isotropic extinction parameter was refined to a final value of x = 3.12(18) × 10
-6
 where Fc is 
multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 with k being the overall scale factor. 0.00312.  The 
largest peak in the final Fourier difference map (0.22
 
eÅ
-3
) was located 0.10 Å from atom Co(1).  
The second molecule in the asymmetric unit had relatively large displacement parameters for 
B(4) and methyl carbon C(25) of the DMADB the ligand, but it was not necessary to invoke a 
disorder model with split atomic positions.  The structure is that of the correct enantiomer as 
shown by a Flack parameter of 0.02(2). 
Cp*Co[(H3B)2NEtMe], 5b.  The triclinic cell and the average value of the normalized 
structure factors suggested space group P
–
1, which was proven correct by the success of the 
refined model.   The crystal was a non-merohedral twin; the twin individuals, which were related 
by a twin law involving rotation about a*, were resolved using TWINABS.  The volume fraction 
of the major twin individual was 0.35132(44). A face index absorption correction was applied. 
The reflections (00
–
1) and (001) were statistical outliers and were deleted from the data set.  The 
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quantity minimized by the least-squares program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + 
(0.0461P)
2
 + 0.34P}
-1
 and P = (Fo
2
 + 2Fc
2
)/3.  The largest peak in the final Fourier difference 
map (0.32
 
eÅ
-3
) was located 0.71 Å from atom H(21).   
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Figures and Tables 
Table 2.1.  Crystallographic data for Cp*V[(H3B)2NMe2] (1), Cp*Cr[(H3B)2NMe2] (1), 
Cp*Ru[(H3B)2NMe2] (4a), and Cp*Co[(H3B)2NMe2] (5a).   
 1 1 4a 5a 
Formula C12H27B2NV C12H27B2NCr C12H27B2NRu C12H27B2NCo 
Form wt (g/mol) 257.91 258.97 308.04 265.90 
T (K) 188(2) 193(2) 193(2) 193(2) 
λ (Å) 0.71073 0.71073 0.71073 0.71073 
Crystal system orthorhombic monoclinic tetragonal tetragonal 
Space group P212121 C2/c P43212 P43 
a (Å) 9.3944(14) 13.053(3) 9.5982(10) 9.5902(7) 
b (Å) 9.4507(14) 13.106(3) 9.5982(10) 9.5902(7) 
c (Å) 35.2168(5) 18.426(5) 33.850(7) 33.422(5) 
β (deg) 90 99.437(3) 90 90 
V, Å
3 
3126.7(8) 3109.5(14) 3118.5(8) 3073.9(5) 
Z 8 8 8 8 
ρcalc (g cm
-3
) 1.096 1.106 1.312 1.149 
μ (mm-1) 0.611 0.712 0.982 1.092 
Max/min transm factors 0.961/0.898 0.929/0.784 0.6809/0.9156 0.269/0.238 
Data/restraints/params 6022/12/355 3182/0/177 3466/755/255 6667/25/353 
GOF on F
2
 0.999 1.038 1.040 0.915 
R1 [I > 2σ(I)] 0.0518 0.0381 0.0278 0.0350 
wR2 (all data) 0.1324 0.1133 0.0686 0.0694 
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Table 2.2.  Crystallographic Data for Cp*Fe[(H3B)2NEtMe] (3b), Cp*Ru[(H3B)2NEtMe] (4b), 
and Cp*Co[(H3B)2NEtMe] (5b).   
 3b 4b 5b 
Formula C13H29B2NFe C13H29B2NRu C13H29B2NCo 
Form wt (g/mol) 276.84 322.06 279.92 
T (K) 183(2) 178(2) 188(2) 
λ (Å) 0.71073 0.71073 0.71073 
Crystal system triclinic monoclinic triclinic 
Space group P
–
1 P21/c P
–
1 
a (Å) 9.6058(3) 20.739(2) 9.658(4) 
b (Å) 10.0141(3) 9.6458(11) 9.911(4) 
c (Å) 16.8057(6) 16.4597(18) 16.868(7) 
α (deg)   88.7160(18) 90 88.948(5) 
β (deg) 89.8700(19) 91.1940(10) 88.917(5) 
γ (deg) 87.809(18) 90 87.619(5) 
V, Å
3 
1615.06(9) 3291.9(6) 1612.8(11) 
Z 4 8 4 
ρcalc (g cm
-3
) 1.139 1.300 1.153 
μ (mm-1) 0.914 0.933 1.044 
Max/min transm factors 0.745/0.638 0.863/0.929 0.745/0.593 
Data/restraints/params 11629/0/370 6784 / 12 / 370 18922/0/370 
GOF on F
2
 1.016 0.864 1.001 
R1 [I > 2σ(I)] 0.0428 0.0336 0.0493 
wR2 (all data) 0.1085 0.0836 0.1147 
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Table 2.3.  Selected bond lengths and angles for Cp*V[(H3B)2NMe2], 1.  
 
Bond Lengths (Å) 
V(1)-C(1) 2.225(4) V(1)-B(1) 2.381(7) 
V(1)-C(2) 2.248(5) V(1)-B(2) 2.409(7) 
V(1)-C(3) 2.272(5) N(1)-B(1) 1.570(8) 
V(1)-C(4) 2.265(5) N(1)-B(2) 1.602(8) 
V(1)-C(5) 2.261(5)   
Bond Angles (deg) 
B(2)-V(1)-B(1) 64.6(2) B(1)-H(13)-V(1) 105(3) 
B(2)-N(1)-B(1) 107.6(4) B(2)-H(22)-V(1) 97(3) 
B(1)-H(12)-V(1) 99(3) B(2)-H(23)-V(1) 93(3) 
Dihedral angle
a
 82.5(2)   
a
 Angle between B(1)-V(1)-B(2) plane and Cp* plane 
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Figure 2.1.  Molecular structure of Cp*V[(H3B)2NMe2], 1.  Ellipsoids are drawn at the 35% 
probability level. 
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Table 2.4.  Selected bond lengths and angles for Cp*Cr[(H3B)2NMe2], 2.   
 
Bond Lengths (Å) 
Cr(1)-H(12) 1.93(3) Cr(1)-C(4) 2.332(2) 
Cr(1)-H(11) 2.17(3) Cr(1)-C(5) 2.2788(19) 
Cr(1)-H(21) 2.34(3) Cr(1)-B(1) 2.402(3) 
Cr(1)-H(22) 1.92(3) Cr(1)-B(2) 2.399(3) 
Cr(1)-C(1) 2.293(2) N(1)-B(1) 1.581(4) 
Cr(1)-C(2) 2.291(2) N(1)-B(2) 1.579(4) 
Cr(1)-C(3) 2.286(2)   
Bond Angles (deg) 
B(2)-Cr(1)-B(1) 64.36(11) B(1)-H(12)-Cr(1) 100(2) 
B(2)-N(1)-B(1) 108.09(18) B(2)-H(22)-Cr(1) 99(2) 
dihedral angle
a
 68.50(13) dihedral angle
b
 77.7(9) 
a
 Dihedral angle between B(1)-Cr(1)-B(2) plane and Cp* plane.  
b
  Dihedral angle between H(12)-Cr(1)-H(22) plane 
and Cp* plane.  
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Figure 2.2.  Molecular structure of Cp*Cr[(H3B)2NMe2], 2.  Ellipsoids are drawn at the 35% 
probability level.   
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Figure 2.3.  Molecular structure of Cp*Cr[(H3B)2NMe2], 2, viewed from the side.  Ellipsoids are 
drawn at the 35% probability level. 
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Table 2.5.  Selected bond lengths and angles for Cp*Fe[(H3B)2NEtMe], 3b.   
 
Bond Lengths (Å) 
Fe(1)-H(11) 1.61(2) Fe(1)-C(4) 2.042(2) 
Fe(1)-H(21) 1.74(3) Fe(1)-C(5) 2.042(2) 
Fe(1)-H(22) 1.63(2) Fe(1)-B(1) 2.477(3) 
Fe1)-C(1) 2.039(2) Fe(1)-B(2) 2.064(3) 
Fe(1)-C(2) 2.043(2) N(1)-B(1) 1.556(3) 
Fe(1)-C(3) 2.050(2) N(1)-B(2) 1.600(3) 
Bond Angles (deg) 
B(2)-Fe(1)-B(1) 65.31(10) B(1)-H(11)-Fe(1) 120(2) 
B(2)-N(1)-B(1) 103.30(17) B(2)-H(21)-Fe(1) 86(1) 
dihedral angle
a
 85.59(10) B(2)-H(22)-Fe(1) 90(1) 
a
 Dihedral angle between B(1)-Fe(1)-B(2) plane and Cp* plane. 
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Figure 2.4.  Molecular structure of Cp*Fe[(H3B)2NEtMe], 3b.  Ellipsoids are drawn at the 35% 
probability level.  Only one of the two molecules in the asymmetric unit is shown.  
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Table 2.6.  Selected bond lengths and angles for major disordered component of 
Cp*Ru[(H3B)2NMe2], 4a.   
Bond Lengths (Å) 
Ru(1)-H(1A2) 2.02
b
 Ru(1)-C(4A) 2.109(6) 
Ru(1)-H(2A1) 2.07
b
 Ru(1)-C(5A) 2.164(6) 
Ru(1)-H(2A2) 1.94
b
 Ru(1)-B(1A) 2.438(9) 
Ru(1)-C(1A) 2.195(5) Ru(1)-B(2A) 2.323(7) 
Ru(1)-C(2A) 2.160(5) B(1A)-N(1A) 1.559(7) 
Ru(1)-C(3A) 2.106(5) B(2A)-N(1A) 1.549(7) 
Bond Angles (deg) 
B(2A)-Ru(1)-B(1A) 62.6(3) B(1A)-H(1A2)-Ru(1) 103
b
 
B(2A)-N(1A)-B(1A) 105.6(6) B(2A)-H(2A1)-Ru(1) 92
b
 
dihedral angle
a
 89.6(4) B(2A)-H(2A2)-Ru(1) 100
b
 
 
a 
Dihedral angle between H(1A)-Ru(1)-B(2A) plane and Cp* plane.  
b
 The hydrogen atom locations were calculated 
and thus are not given estimated standard deviations.  
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Figure 2.5a.  Molecular structure of the major disordered component of Cp*Ru[(H3B)2NMe2], 
4a.  Ellipsoids are drawn at the 30% probability level. 
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Figure 2.5b.  Molecular structure disordered Cp*Ru[(H3B)2NMe2], 4a.  Ellipsoids are drawn at 
the 30% probability level. 
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Table 2.7.  Selected bond lengths and angles for Cp*Ru[(H3B)2NEtMe], 4b. 
 
Bond Lengths (Å) 
Ru(1)-H(11) 1.89(3) Ru(1)-C(4) 2.136(3) 
Ru(1)-H(21) 1.78(3) Ru(1)-C(5) 2.160(3) 
Ru(1)-H(22) 1.81(3) Ru(1)-B(1) 2.577(4) 
Ru(1)-C(1) 2.149(3) Ru(1)-B(2) 2.211(4) 
Ru(1)-C(2) 2.148(3) B(1)-N(1) 1.595(4) 
Ru(1)-C(3) 2.154(3) B(2)-N(1) 1.556(4) 
Bond Angles (deg) 
B(1)-Ru(1)-B(2) 61.98(13) B(1)-H(11)- Ru(1) 113(2) 
B(1)-N(1)-B(2)   104.1(2) B(2)- H(21)-Ru(1) 95(2) 
dihedral angle
a
 85.74(14) B(2)- H(22)-Ru(1) 94(1) 
a 
Dihedral angle between B(1)-Ru(1)-B(2) plane and Cp* plane. 
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Figure 2.6.  Molecular structure of Cp*Ru[(H3B)2NEtMe], 4b.  Ellipsoids are drawn at the 35% 
probability level.  Only one of the two molecules in the asymmetric unit is shown.   
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Table 2.8.  Selected bond lengths and angles for Cp*Co[(H3B)2NMe2], 5a.   
 
Bond Lengths (Å) 
Co(1)-H(11) 1.76(4) Co(1)-C(4) 2.081(4) 
Co(1)-H(21) 1.82(3) Co(1)-C(5) 2.105(4) 
Co(1)-H(22) 1.79(3) Co(1)-B(1) 2.353(5) 
Co(1)-C(1) 2.056(4) Co(1)-B(2) 2.178(4) 
Co(1)-C(2) 2.112(4) B(1)-N(1) 1.568(6) 
Co(1)-C(3) 2.065(4) B(2)-N(1) 1.567(5) 
Bond Angles (deg) 
B(1)-Co(1)-B(2) 66.20(19) B(1)- H(11)-Co(1) 105(2) 
B(1)-N(1)-B(2) 104.5(3) B(2)- H(21)-Co(1) 92(1) 
dihedral angle
a
 86.04(19) B(2)- H(22)-Co(1) 92(1) 
a 
Dihedral angle between B(1)-Co(1)-B(2) plane and Cp* plane. 
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Figure 2.7.  Molecular structure of Cp*Co[(H3B)2NMe2], 5a.  Ellipsoids are drawn at 35% 
probability level.  Only one of the two molecules in the asymmetric unit is shown.   
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Table 2.9.  Selected bond lengths and angles for Cp*Co[(H3B)2NEtMe], 5b.   
 
Bond Lengths (Å) 
Co(1)-H(11) 1.69(18) Co(1)-C(4) 2.104(2) 
Co(1)-H(21) 1.74(2) Co(1)-C(5) 2.054(2) 
Co(1)-H(22) 1.81(2) Co(1)-B(1) 2.400(3) 
Co(1)-C(1) 2.118(2) Co(1)-B(2) 2.158(3) 
Co(1)-C(2) 2.090(2) B(1)-N(1) 1.576(3) 
Co(1)-C(3) 2.071(2) B(2)-N(1) 1.595(3) 
Bond Angles (deg) 
B(1)-Co(1)-B(2) 66.42(9) B(1)- H(11)-Co(1) 116(1) 
B(1)-N(1)-B(2) 104.38(17) B(2)- H(21)-Co(1) 93(1) 
dihedral angle
a
 84.31(10) B(2)- H(22)-Co(1) 91(1) 
a
 Dihedral angle between B(1)-Co(1)-B(2) plane and Cp* plane. 
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Figure 2.8.  Molecular structure of Cp*Co[(H3B)2NEtMe], 5b.  Ellipsoids are drawn at 35% 
probability level.  Only one of the two molecules in the asymmetric unit is shown.  
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Table 2.10.  Summary of selected bond lengths and angles for the new compounds.  
 
Compound Hapticity M(1) ··B(1), Å M(1) ··B(2), Å dihedral angle,
a
 deg 
1 κ
2,κ2 2.381(7) 2.409(7) 82.5(2) 
2 κ
1,κ1 2.402(3) 2.399(3) 68.50(13) 
3b κ
1,κ2 2.477(3) 2.064(3) 85.59(10) 
4a κ
1,κ2    2.399(15)b    2.310(10)b 89.64(35) 
4b κ
1,κ2 2.577(4) 2.211(4) 85.74(14) 
5a κ
1,κ2 2.353(5) 2.178(4) 86.04(19) 
5b κ
1,κ2 2.400(3) 2.158(3) 84.31(10) 
a
 Dihedral angle between B(1)-M(1)-B(2) plane and Cp* plane.  
b
 Affected by disorder. 
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Figure 2.9.  
1
H and 
11
B NMR spectra of Cp*Fe[(BH3)2NMe2], 4a in C6D6 at room temperature.  
The asterisk designates an impurity peak. 
 
1
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11
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Figure 2.10.  EPR spectra of Cp*V[(H3B)2NMe2], 1 in C5H12/PhMe as a frozen glass.  Spectra of 
intensity vs. field (G).   
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Figure 2.11.  EPR spectra of Cp*Co[(H3B)2NMe2], 5a in C5H12/PhMe as a frozen glass.  Spectra 
of intensity vs. field (G).   
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Table 2.11.  Comparison of terminal and bridging B-H stretching frequencies in the IR spectra 
of the new compounds.   
 
Cmpd ν(B-H)t, cm
-1
 ν(B-H)b, cm
-1
 
1 2428  2132 
2 2418 2021 
3a 2423 1870 
3b 2422 1885 
4a 2416 1806 
4b 2418 1813 
5a 2411 1827 
5b 2410 1828 
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Chapter 3: Ethylene polymerization and oligomerization using titanium(II) systems with 
chelating phosphine ligands 
 
Introduction 
 Since the discovery of Ziegler-Natta catalysis in the mid-twentieth century, titanium 
compounds have been of interest for their reactivity as ethylene polymerization and, more 
recently, as selective ethylene oligomerization catalysts.
1-5
  Polyethylene is used in the 
manufacture of many products, and linear α-olefins are important industrial chemicals that are 
used in a variety of applications.  In particular, 1-butene, 1-hexene, and 1-octene are used in the 
manufacture of linear low density polyethylene (LLDPE).
6
  The work in the current chapter 
seeks to explore the catalytic activity of titanium(II) compounds with chelating phosphine 
ligands in the presence of an aluminum alkyl co-catalyst.   
 Titanium compounds have long been known to be polymerization catalysts for α-olefins 
in both heterogeneous and homogeneous reaction media.
1,7-9
  A few of these catalysts are based 
on titanium(II) metal species such as the arene complexes [η
6
-(arene)Ti(AlCl4)2] and the diene 
complexes [(η
5 
η
1
-C5Me4SiMe2NR)Ti(diene)].
10-12
  Although there is general agreement that 
higher titanium oxidation states are responsible for the activity of Ziegler-Natta catalysts, there is 
some evidence that titanium(II) may also be a relevant oxidation state.
9,13
  Although some of the 
specifics of the mechanisms for these polymerization reactions remain obscure, it is generally 
established that polymerization and unselective oligomerization occur through an insertion 
process called the Cossee mechanism, as shown in Figure 3.1a, which was first proposed in 
1964.
14
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 There is a greater amount of evidence that divalent titanium is the key oxidation state in 
the Alphabutol ethylene dimerization process, which is currently used industrially to produce 1-
butene.
15-18
  This process, which utilizes titanium(IV) alkoxides and an aluminum alkyl co-
catalyst, is thought to proceed reduction of titanium(IV) to titanium(II) intermediates,
3,4,6
  
followed by an oxidative coupling reaction to produce titanacyclopentanes, which then undergo 
β-hydrogen transfer to form the 1-butene product.
15-18
   This mechanism is shown in more detail 
in Figure 3.1b.   
  A similar oxidative coupling mechanism operates to trimerize ethylene to form 1-hexene 
via metallacycloheptane intermediates.  The majority of such trimerization catalysts are based on 
chromium;
2,5,19
  for example, the first selective catalyst, chromium(III) 2-ethylhexanoate, was 
discovered by Union Carbide in 1967.
20,21
  Chevron Phillips commercialized a selective 
trimerization process in 2003 that employs chromium(III) 2-ethylhexanoate, a pyrrole derivative, 
an organohalide, and triethylaluminum.
22
  One of the most extensively studied catalytic systems 
was announced by BP Chemicals in 2002; the catalyst precursor consists of CrCl3•3THF and 
Ar2PN(Me)PAr2 where Ar is an o-methoxyphenyl group.  This catalyst exhibits an activity of up 
to 10
6
 g/gCr/h and a 90.0% selectivity for C6 alkenes.  It additionally lacks any polmerization 
activity, which is desirable for applications in industrial scale reactions. The potential ability of 
the ortho-methoxy substituents to act as labile donors to the chromium center has been cited as 
an important aspect of this catalytic system; labile pendant ligands are found in several 
successful systems and are thought to stabilize the lower valent state of the catalyst while having 
the ability to disassociate and enable binding of the ethylene.
23
   
 More recently similar chromium catalysts have been utilized for ethylene 
tetramerization.
5,19
  The first reported system employed diphosphinoamine ligands.
24
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 Although much of the focus of selective trimerization and tetramerization catalysts has 
been placed on chromium systems, several titanium and tantalum compounds have also been 
shown to be active for these reactions.
25-29
  In 2001, Bart Hessen and Jan Teuben at the 
University of Groningen reported a benzylcyclopentadienyl titanium system in which the 
pendant aryl group is thought to assist in stabilizing the active catalyst.
27
  Mitsui Chemicals has 
published a titanium phenoxy-imine catalyst with one of the highest reported activities of 
7,140,000 g/gTi/h and a C6 selectivity of 92.3%; this catalytic system also employs pendant 
donors.
30
   It has been proposed that both these catalytic cycles proceed through a 
titanium(II)/titanium(IV) catalytic cycle like that shown in Figure 3.1b.   
 The proposed dimerization and trimerization mechanisms, shown in Figure 3.1b, consist 
of a series of metallacycle intermediates.
31-33
  Two molecules of ethylene couple to form a 
metallacyclopentane.  The metallacyclopentane then may β-hydrogen eliminate to form 1-butene 
for the dimerization of ethylene or, if this is slow, another ethylene molecule may insert to afford 
a metallacycloheptane.  If the metallacycloheptane has enough flexibility to undergo β-hydrogen 
elimination (or enable a 3,7-concerted shift) then 1-hexene is produced.  Alternatively, it may 
insert ethylene again to produce 1-octene, although it has been proposed that the current 
tetramerization catalysts may proceed through a bimetallic mechanism, because the formation of 
a metallacyclononane seems to be unfavorable.
34,35
 
 Our group has previously shown that titanium(II) complexes of the form TiX2(dmpe)2, 
where X = Cl, BH4, or Me and dmpe = 1,2-bis(dimethylphosphino)ethane, dimerize ethylene to 
form 1-butene in NMR scale reactions at low pressures.  Similarly, the cyclopentadienyl 
titanium(II) complexes, CpTiX(dmpe)2, where X = Me, H, or Cl, are catalysts for the 
dimerization and trimerization of ethylene (the latter generates only branched products).
16,17
  We 
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have evidence that these reactions proceed by an oxidative coupling mechanism like that 
discussed for the Alphabutol process.  The objective of this chapter is to examine these catalysts 
reactivity further; they will be examined at higher pressures of ethylene and in the presence of an 
aluminum alkyl co-catalyst in order to further explore their catalytic activity as potential 
polymerization or selective oligomerization catalysts. 
 
Results and Discussion 
 Reactions of ethylene with TiCl2(dmpe)2 activated with an aluminum alkyl co-
catalyst.  The titanium(II) catalyst TiCl2(dmpe)2, 1, was studied for its reactivity toward ethylene 
after being activated by either AlEt3 and methylaluminoxane (MAO).  The results of these 
experiments are detailed in Table 3.1 and Table 3.2, and reactions were completed according to 
the following general schemes:  
 
 When activated with 10 equivalents of MAO or fewer, 1 is not particularly reactive 
toward ethylene.  In the presence of 250 equivalents of MAO, however, polyethylene (PE) was 
produced with turnover numbers from 1,700 to 6,200.  The catalytic activity for polymerization 
was increased if an aliquot of MAO was added to the reaction vessel to act as an oxygen and 
water scavenger before the addition of the catalyst, as shown in run 5 in Table 3.1; this system 
afforded a PE turnover number of 13,000.   These runs gave only small amounts of 
oligomerization products; for instance, run 6 gave one mole of 1-butene per mole of catalyst and 
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15 moles of hexenes per mole catalyst, with the major trimerization product being branched 
hexenes; the presence of branched trimers is indicative of the reaction proceeding through a 
oxidative coupling mechanism.  Some of the oligomerization products noted here may be due to 
the reaction of MAO and adventitious metal derived from the reactor.    
 Elemental analysis of the solid product confirmed that it is polyethylene, with 0.02 % Ti 
and 0.8 % Al.  Gel permeation chromatography (GPC) determined that Mw = 1,910,000 and Mn 
= 88,800, showing a high molecular weight as well as a broad distribution with a polydispersity 
of 21.5.
36
  Differential scanning calorimetry (DSC) profiles, an example of which is shown in 
Figure 3.2, gave a melting point of 140 °C, corresponding to a high molecular weight 
polyethylene.   
 When activated with AlEt3, 1 reacts with ethylene to afford high molecular weight 
polyethylene, but the turnover numbers were smaller than those seen for MAO, as shown in 
Table 3.2.  The turnover number for polyethylene varied from 300 - 3000 when 10 equivalents of 
AlEt3 were added, although more activity is seen when 250 equivalents of AlEt3 is added.  Higher 
activities were observed if the catalyst was treated with 10 equivalents of AlEt3 and 3 equivalents 
of [Ph3C][B(C6F5)4].  This combination has been observed previously to give activity similar to 
seen when MAO is employed as an activator,
37
 and here it afforded a similar result with a 
turnover number of 13,000.   Some oligomerization was observed for these AlEt3 activated 
catalysts, with the major product being 1-butene.  For example, for the conditions listed in run 8 
it was found that 53 moles of 1-butene per mole of catalyst were produced.  It should also be 
noted that there is evidence that 1-butene (b.p. = -6.47 °C) is lost in the workup procedure. 
 The turnover numbers for the production of polyethylene vary even when the reaction 
time and pressure are similar; specifically, runs 7, 8, and 9 were carried out with similar 
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pressures and times, but run 7 generated a significantly larger amount of polyethylene.  Runs 8 
and 9 were completed with a freshly synthesized crop of 1 to limit the effect of adventitious 
catalyst oxidation; additionally, to further prevent the oxidation of the titanium(II) catalyst, run 9 
was performed by adding AlEt3 to the catalyst, heating the mixture to 50 °C to reduce any 
titanium(III) present, and only then adding ethylene.  This experiment showed that smaller 
amounts of polyethylene were produced when conditions were most rigorously controlled to 
prevent oxidation.  These data led us to hypothesize that the polymerization seen may be due to 
the action of titanium(III), not the titanium(II) species being studied.  There is some 
contradictory evidence to this: a larger amount of polyethylene was formed as amounts of the 
reductant AlEt3 was increased (run 10).  Additionally, for reactions with MAO, a greater activity 
was seen when an aliquot of MAO was added to the reactor to scavenge for oxygen and water 
before the addition of the catalyst (run 5).  This hypothesis was further tested by the synthesis 
and subsequent catalytic studies of a titanium(III) analog of 1 and will be discussed below.   
Reactions of propylene toward the titanium(II) catalyst 1 activated with MAO or AlEt3 
were also investigated, however, little polymerization or oligomerization products were 
observed.
38
   
 Reactions of ethylene with [TiCl2(dmpe)2][BAr
F
4] activated with an aluminum alkyl 
co-catalyst.   The novel titanium(III) compound, [TiCl2(dmpe)2][BAr
F
4], 2, was synthesized 
through the addition of 1,1’-dimethylferrocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
in diethyl ether to a solution of 1: 
 
82 
 
After several hours, a pink precipitate was formed from the brown solution.  After the precipitate 
was washed with pentane and diethyl ether to remove any ferrocene byproduct or remaining 
starting material, the pink product was dissolved in hot toluene and the resulting solution was 
filtered and cooled.  The desired product was obtained as a pink crystalline solid.   
 The identity of the product, 2, was confirmed by elemental analysis and infrared 
spectroscopy.  To further confirm the oxidation state of the metal, an EPR spectrum was 
obtained for 2 in a 50:50 mixture of dichloromethane and toluene both at room temperature and 
as a frozen glass.  These spectra are shown with calculated fits in Figures 3.4 and 3.5.  The room 
temperature spectrum shows that EPR resonance is a quintet due to superhyperfine coupling to 
the four equivalent phosphorus atoms of the two chelating phosphine ligands, as expected.  The 
signal occurs at g = 1.969 and the superhyperfine coupling constant is 0.00238 cm
-1
; both values 
compare well with those of other known titanium(III) phosphine complexes.
39-41
  Simulations of 
the spectrum obtained in a frozen glass were not perfect, probably owing to small amounts of 
impurities in the sample.   
 To test the possibility that the titanium(II) compounds were being oxidized and the 
oxidized species were responsible for the observed ethylene polymerization activity, catalytic 
reactions were carried out with isolated samples of the titanium(III) species 
[TiCl2(dmpe)2][BAr
F
4], 2, in the presence of both AlEt3 and MAO according to the following 
scheme: 
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The results of these experiments are detailed in Table 3.3.   Turnover numbers for the production 
of PE were 4,100 and 1,400 for the reactions activated with MAO and AlEt3, respectively.  A 
comparison between runs 6 and 12, and runs 8 and 13, which were completed under similar 
conditions with MAO and AlEt3, respectively, shows that the titanium(II) and titanium(III) 
species both produced polyethylene in somewhat similar yields.  This result supports the 
hypothesis that titanium(III) species are responsible for the catalytic polymerization of ethylene 
seen in the reactions completed with titanium(II) catalysts.  It should be noted that no significant 
oligomerization products were obtained from 2 activated with AlEt3.  This result confirms that 
the oligomerization activity is in fact due to a titanium(II) catalyst and not a titanium(III) species.   
 Reactions of ethylene with Ti(BH4)2(dmpe)2 activated with an aluminum alkyl co-
catalyst.  Other titanium(II) compounds were tested to investigate their activity with ethylene in 
the presence of MAO and AlEt3.  The borohydride complex Ti(BH4)2(dmpe)2 (3) was tested for 
catalytic activity under similar conditions to 1 as shown in the following schemes: 
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This compound proved to be slightly more active for the production of polyethylene when 
activated with MAO than TiCl2(dmpe)2, 1; results are summarized in Table 3.4.  The reaction 
with MAO produced 15.3 grams of polyethylene, giving 18,000 turnovers, and produced 
insignificant amounts of oligomerization, much like the dichloro analog, 1.     
 The reaction of 3 with ethylene in the presence of AlEt3 produced a smaller amount 
polyethylene (3,600 turnovers); this result is also similar to that obtained with the titanium(II) 
dichloro species, 1.  Also formed were 110 moles of hexenes per mole of catalyst (mostly 
consisting of branched trimers) and 11 moles of 1-butene per mole of catalyst.  The GC plot of 
the liquid products is shown in Figure 3.5.  The relatively large amount of oligomerization 
products relative to that generated by 1 is consistent with the previous observation that 3 is a 
more active catalyst than 1 for the dimerization of ethylene at low pressures without being 
activated by a co-catalyst.
17
   
 Reactions of ethylene and TiMe2(dmpe)2 activated with an aluminum alkyl co-
catalyst.  The titanium(II) alkyl TiMe2(dmpe)2, 4, is known to be an active dimerization catalyst 
at low pressures to produce 1-butene without a co-catalyst.
17
  We were interested to determine 
whether this catalyst is more active in the presence of an aluminum alkyl co-catalysts at higher 
pressures.  Catalytic reactions were carried out with both MAO and AlEt3 co-catalysts according 
to the following schemes: 
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Table 3.5 summarizes these catalytic reactions.  Reactions completed with MAO proved highly 
active for the production of polyethylene and afforded the largest quantity seen for this series of 
compounds: 23.1 g, corresponding to 24,000 turnovers.  
 Reactions between ethylene and 4 in the presence of AlEt3 produced a smaller amount of 
polyethylene, 2,500 turnovers.  Although 4 is a highly active dimerization catalyst at lower 
pressures without being activated by a co-catalyst, only small amounts of oligomerization 
products were seen for this catalyst.  Reactions between ethylene and 4 in the presence of AlEt3 
produced only three moles of 1-butene per mole of catalyst and 9 moles of hexenes per mole of 
catalyst.  If the oligomerization is indeed due to the titanium(II) species and the polymerization is 
due to titanium(III) impurities, then these results may be a reflection of the highly air-sensitive 
nature of this compound.    
 Reactions of ethylene with CpTiH(dmpe)2 and CpTiMe(dmpe)2 activated with an 
aluminum alkyl co-catalyst.  To further study the reactivity of titanium(II) compounds, 
catalysts of the form CpTiX(dmpe)2 (X = H or Me) were tested under similar conditions after 
being activated with MAO and AlEt3 according to the following schemes:  
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In previous studies, these compounds reacted with ethylene at low pressures in the absence of a 
co-catalyst to give the dimerization product 1-butene, as well as, smaller amounts of branched 
trimers.
16
  We find that, at higher pressures and in the presence of a co-catalyst, these catalysts 
generally give results similar to those for catalysts of the form TiX2(dmpe)2, although overall 
they were less active (Table 3.6).  Both the hydride complex 5 and the methyl complex 6, like 
the previously discussed catalysts, produced larger amounts of polyethylene when treated with 
MAO than with AlEt3.  These cyclopentadienyl catalysts produced similar amounts of 
polyethylene, with the hydride 5 producing 2,900 turnovers of polyethylene and the methyl 
compound 6 producing 2,200 turnovers of polyethylene.   
 In the presence of AlEt3, these catalysts produced some oligomerization products in 
addition to small turnovers of polyethylene (100 and 10 turnovers of polyethylene for 5 and 6, 
respectively).  The main oligomeric product for 5 when activated with AlEt3 was 1-butene 
(turnover number of 79 moles per mole of catalyst).  The methyl complex 6 produced 21 moles 
of 1-butene per mole of catalyst and 11 moles of hexenes per mole of catalyst.   
 Reactions of ethylene and other divalent metal compounds in the presence of an 
aluminum alkyl co-catalyst.  Our studies of divalent titanium phosphine compounds led us to 
briefly explore other divalent metal phosphine metal complexes as possible ethylene 
oligomerization or polymerization catalysts.  The vanadium(II) analog, VCl2(dmpe)2, was 
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significantly less active than the titanium(II) complex 1.  No significant oligomerization was 
observed.  In the presence of MAO as a co-catalyst, only 700 turnovers of polyethylene was 
observed, and in the presence of AlEt3 as a co-catalyst, this system gave even less polymer, 
affording only 30 turnovers.   
 The niobium(II) compound NbCl2(PMe3)4 activated with MAO produced 5,400 turnovers 
of polyethylene; when activated with AlEt3, it produced 3,700 turnovers of polyethylene.  Small 
amounts of 1-butene were also noted in both cases.  A molybdenum system was also tested; 
Mo2(O2CCF3)4 and dppm, where dppm = bis(diphenylphosphino)methane, were mixed together 
in situ,  activated with an aluminum alkyl co-catalyst, and then pressurized with ethylene.  For 
reactions completed with both MAO and AlEt3, little activity was seen; under a gram of 
polyethylene and small amounts of butenes were obtained.  
 Further studies on transition metal oligomerization and polymerization catalysts 
and attempts to design catalysts for the selective trimerization of ethylene.  One goal of our 
research was to design selective catalysts for the trimerization of ethylene.  We wanted to 
explore the idea that phosphines could serve as the pendant donors present in known 
trimerization systems that stabilize some of the intermediates in the catalytic cycle.  P. W. Jolly 
and others had previously found that (phosphinoethyl)cyclopentadienyl complexes of the form 
CrCl2(C5H4CH2CH2PR2), where R is an alkyl or aryl group, can act as ethylene polymerization 
and oligomerization catalysts.
42
  Larger substituents on the phosphine gave lower activity and 
longer chain oligomers. 
We started our effort by synthesizing CrCl2(C5H4SiMe2CH2PPh2) (7) and testing its 
catalytic ability: 
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 The results of these experiments are discussed in Table 3.7.  When AlEt3 was added as a 
co-catalyst, 7 produced a small amount of polyethylene (3,000 turnovers).  The polyethylene 
produced from this reaction has a melting point of 135 °C, as found by DSC, indicating that it 
has a lower molecular weight than the polyethylene produced from the titanium(II) complexes.  
When activated with MAO, 7 is a much more active catalyst, producing a large amount of a 
polyethylene wax (62,000 turnovers).  This wax exhibits a series of broad melting transitions 
between approximately 75 °C and 100 °C.  
13
C-NMR and IR spectroscopy show the presence of 
methyl branches and terminal olefin functional groups; these spectra are shown in Figures 3.6 
and 3.7.  Integration of the NMR spectra shows that Mn is equal to approximately 1,100, 
assuming that there is one terminal olefin group per chain; there is about one methyl branch per 
chain.  The assignment of the peaks was accomplished by comparison with reported spectra of 
ethylene-1-olefin copolymers.
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Attempts to synthesize other metal complexes with either CpCH2CH2PPh2 or 
CpSiMe2CH2PPh2 ligands by treating early transition metal halides or metal halide Lewis base 
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adducts with the reagents LiCpSiMe2CH2PPh2, LiCpCH2CH2PPh2 or Mg(CpCH2CH2PPh2)2 were 
unsuccessful.   
 Conclusions.  The compounds TiX2(dmpe)2 and CpTiX(dmpe)2, when activated with 
MAO, produce large amounts of a high molecular weight polyethylene, with the largest turnover 
number being 24,0000 for TiMe2(dmpe)2.  Reactions performed in the presence of AlEt3 
produced smaller quantities of polyethylene, and in some cases also produced small amounts of 
oligomers.  It is suspected that a titanium(III) species could be responsible for much of the 
polymerization activity seen with these catalysts.   
 
Experimental  
 All manipulations were carried out by using standard Schlenk techniques and techniques 
as outlined in Appendix A.  Toluene was distilled under nitrogen from molten sodium before 
use, and THF and Et2O were distilled from sodium/benzophenone.  Cyclohexane was purified by 
treatment with nitrating acid, followed by neutralization with NaOH; it was then dried over 
CaCl2 and distilled from sodium.
44
  TiCl2(dmpe)2,
45
 Ti(BH4)2(dmpe)2,
46
 TiMe(dmpe)2
47
, 
CpTiH(dmpe)2,
16
  CpTiMe(dmpe)2,
16
  1,1’-dimethylferrocenium tetrakis(3,5-(trifluoromethyl)-
phenyl)borate,
15
 VCl2(dmpe)2,
45,48
 NbCl2(PMe3)4,
49
  Mo2(O2CCF3)4,
50
 LiCpSiMe2CH2PPh2,
51
 and 
CrCl3 3THF
52
 were all prepared by literature routes.  MAO was obtained as a solution in toluene 
from Sigma-Aldrich and in some cases was purified from any alkylated aluminum impurities by 
heating the solution under vacuum to dryness.  AlEt3 was obtained as a solution in hexanes from 
Sigma Aldrich and a 1.5 M stock solution was made in toluene after careful removal of the 
hexanes under vacuum.  Elemental analyses were performed by the University of Illinois 
Micoranalytical Laboratory, and IR spectra of inorganic compounds were recorded on a Perkin 
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Elmer Spectrum One spectrometer as Nujol mulls between NaCl or KBr plates.   The IR 
spectrum of polyethylene was recorded on a Perkin-Elmer 100 FT-IR ATR.  
1
H NMR spectra 
were collected on Varian VXR Unity Inova 500 instrument; positive chemical shifts are to higher 
frequency relative to tetramethylsilane.   
 Dichlorobis[1,2-bis(dimethylphosphino)ethane]titanium(III) Tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate, [TiCl2(dmpe)2][BAr
F
4] (2).  To a solution of TiCl2(dmpe)2 (0.68 
g, 1.6 mmol) in diethyl ether (40 mL) was added a solution of [Cp′2Fe]BAr
F
4 (1.76g, 1.6 mmol) 
in diethyl ether (30 mL).  A pink solid precipitated from the brown solution.  After 5 h, the 
precipitate was collected by filtration and washed with pentane (50 mL) and diethyl ether (50 
mL).  The resulting powder was extracted with hot toluene (50 mL) to afford a pink crystalline 
solid upon cooling slowly to -20 °C.  Yield: 0.76 g (37%).  Mp: 125 °C (dec).  Anal. Calcd: C, 
41.2; H, 3.46.  Found: C, 40.7; H, 3.35.  EPR (CH2Cl2/PhMe, 25 °C): g = 1.969, a(
31
P) = 
0.00238 cm
-1
.  IR (cm
-1
):  1612 (w), 1424 (w), 1358 (s), 1276 (s), 1181 (m), 1165 (m), 1145 (m), 
1127 (s), 1104 (m), 946 (w), 933 (w), 904 (vw), 884 (w), 894 (vw), 840 (w), 795 (vw), 744 (w), 
712 (m).    
           Dichloro{[(diphenylphosphinomethyl)dimethylsilyl]cyclopentadienyl}chromium(III), 
CrCl2(C5H4SiMe2CH2PPh2) (7).  To a solution of CrCl3(THF)3 (0.20 g, 0.53 mmol) in THF (50 
mL) was added a solution of LiC5H4SiMe2CH2PPh2 (0.21 g, 0.64 mmol) in THF (50 mL) at -78 
°C.  The reaction mixture was slowly warmed to room temperature and then stirred for 10 h.  The 
solvent was removed under vacuum and the residue was extracted with refluxing toluene (50 
mL).  The extract was filtered, concentrated to ca. 10 mL, and cooled to -20 °C to afford a dark 
blue crystalline solid.  Yield: 67 mg (29 %).  Mp: 255 °C (dec).  Anal. Calcd: C, 54.06; H, 4.99.  
Found: C, 53.82; H, 5.02.  
1
H NMR (CD2Cl2, 20 °C):  δ 20 (br., C5H4, 4H), 12 (br., PPh2, 10H), 
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5.9 (br., SiMe2, 6H).  IR (cm
-1
):  1311 (w), 1254 (s), 1182 (w), 1165 (m), 1099 (m), 1080 (s), 
1065 (w), 1047 (m), 1030 (w), 1022 (w), 999 (w), 898 (m), 852 (m), 843 (m), 823 (s), 830 (s), 
801 (s), 755 (s), 739 (s), 699 (s), 691 (m), 675 (w), 629 (w), 589 (vw), 519 (s), 469 (m).   
 High pressure reactions with ethylene.  Catalytic reactions were carried out in a 300-
mL Parr “mini” reactor that was dried in a vacuum oven at 50 °C.  Procedures for loading the 
catalyst, co-catalyst, toluene, and an internal standard (cyclohexane) into the reactor are outlined 
in Appendix A.  Either Matheson Ultra-High Purity or Research grade ethylene was delivered 
through stainless steel tubing that was purged with ethylene briefly and then connected to the 
reaction vessel through the gas inlet valve.  After the vessel was charged with the desired 
ethylene pressure, it was sealed, stirred, and heated to the desired temperature if necessary.  In 
certain runs, ethylene was added as needed to maintain the pressure near its desired value.   
 After the completion of the reaction, the excess ethylene was vented and the vessel was 
opened to air.  Solids, if present, were separated from the organic liquids.  The solid was washed 
with dilute hydrochloric acid, ethanol, and diethyl ether and then dried.  The liquid portion of the 
reaction products was washed with dilute hydrochloric acid, water, and brine, and was then dried 
over magnesium sulfate.  These samples were analyzed by GC-MS using a Heliflex At-1 column 
(polydimethylsiloxane stationary phase, 0.32 mm i.d., 5.00 µm film thickness, and 30 m length).  
The temperature program consisted of a ramp from 110 °C to 200 °C with a ramp rate of 20 
°C/min.   
Control reactions with ethylene.  If AlEt3 is pressurized with ethylene in the absence of 
a transition metal catalyst, only negligible amounts of oligomers or polymers are generated; the 
reaction producing only 0.016 mmol of 1-butene.  In contrast, if MAO is pressurized with 
ethylene in the absence of a transition metal catalyst, some oligomerization products are 
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generated.  For example, when a reaction was carried out under conditions similar to those of run 
6 but without adding the titanium(II) catalyst, trimerization was observed to the extent of 
approximately 60% of the activity in the presence of a titanium catalyst.  This activity decreases 
when exposure of the metal stirrer to the reaction solution is reduced by wrapping it in Teflon 
tape.  This latter observation suggests that much of the oligomerization reactivity observed for 
reactions with MAO is not due to the titanium(II) catalysts that were being tested.  Alternatively, 
the reactivity could be due to the effect of adventitious metal species in the Parr reactor.  
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Figures and Tables 
Figure 3.1a. Cossee mechanism proposed for polymerization and unselective oligomerization  
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Figure 3.1b. Metallacycle mechanism proposed for the selective production of ethylene 
oligomers  
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Table 3.1. Reactions conducted with 1 activated with MAO in toluene. 
Run Catalyst (µmol) Equiv. of MAO Pressure (atm)
a
 Time (h) Mass PE (g) TON 
1 25 10  35 0.08 0 0 
2 25 10  41 0.3 0 0 
3 25 250  49 0.08  1.2 1,700 
4 80 250  35 3.6  13.2 5,900 
5 60 75
b
 + 250  42 1  22.7 13,000 
6
 
29.6 250  42 0.9  5.17 6,200 
 a
 The pressure listed is the highest to which the vessel was pressurized.   
 
b
 Added before catalyst charge as scavenger for oxygen. 
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Figure 3.2. DSC plot of polyethylene obtained from the reaction of 1 and ethylene in the 
presence of MAO according to the conditions of run 4. 
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Table 3.2. Reactions conducted with 1 activated with AlEt3 in toluene. 
Run Catalyst (µmol) Equiv. AlEt3 Pressure (atm)
a
 Time (h) Mass PE (g) TON 
7 40 10 42 2  3.4 g 3,000 
8
b
 25.3 10 48 2.6  0.22g 300 
9
b,c 
23.6 10 47 1.7  0.20g 300 
10 32.5 250 54 1.3  3.4 3,700 
11 36.0 10 AlEt3
d
 56 2  13 13,0 00 
 a 
The pressure listed is the highest to which the vessel was pressurized.   
     
b
 Completed with recently synthesized crop of TiCl2(dmpe)2. 
     c
  Catalyst and AlEt3 stirred at 50 °C prior to pressurization with ethylene. 
       d  
Also treated with 3 equivalents of [Ph3C][B(C6F5)4] 
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Figure 3.3.  Experimental (green) and simulated (red) EPR spectra of  [TiCl2(dmpe)2][BAr
F
4], 2, 
in CH2Cl2/PhMe at room temperature. 
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Figure 3.4.  Experimental (green) and simulated (red) EPR spectra of  [TiCl2(dmpe)2][BAr
F
4], 2, 
in CH2Cl2/PhMe as frozen glass. 
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Table 3.3. Reactions conducted with 2 activated with MAO and AlEt3 in toluene. 
Run Catalyst (µmol) Equiv  
co-catalyst 
Pressure (atm)
a
 Time (h) Mass PE (g) TON 
12 17.2 250 MAO 42 0.9 2.01 4,100 
13 19.6 10 AlEt3 50 2.6 0.78 1,400 
 
a
 The pressure listed is the highest to which the vessel was pressurized.   
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Table 3.4. Reactions conducted with 3 activated with MAO and AlEt3 in toluene, and heated to a 
maximum of 85°C.  
Run Catalyst (µmol) Equiv 
co-catalyst 
Pressure (atm)
a
 Time Mass PE (g) TON 
14 29.6 250 MAO 54 2.1 h 15.3 18,000 
15 27.0 10 AlEt3 48 2.3 h 2.70 3,600 
 a
 The pressure listed is the highest to which the vessel was pressurized.   
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Figure 3.5. GC plot of the organic liquid produced from the reaction of ethylene with 3 in the 
presence of AlEt3. 
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Table 3.5. Reactions conducted with 4 activated with MAO and AlEt3 in toluene. 
Run Catalyst 
(µmol) 
Equiv. co-catalyst Pressure (atm)
a
 Time (h) Mass PE (g) TON 
16 33.8 250 MAO 51 1.9 23.1 24,000 
17 34.9 10 AlEt3 52 1.9 2.43 2,500 
 a
 The pressure listed is the highest to which the vessel was pressurized 
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Table 3.6. Reactions conducted with 5 and 6 activated with MAO and AlEt3 in toluene, and 
heated to a maximum of 85°C.  
Run Catalyst (µmol) Equiv co-catalyst  Pressure (atm)
a
 Time Mass PE (g) TON 
18 33.3   (5) 25 MAO 42 1.1 hr 2.67  2,900 
19 37.5   (6) 250 MAO 49 2.6 hr 2.37  2,200 
20 42.4   (5) 10 AlEt3 42 1.1 hr 0.12 100 
21 41.8   (6) 10 AlEt3 46 1.5 hr 0.0124  10 
 a
 The pressure listed is the highest to which the vessel was pressurized.   
 
  
105 
 
Table 3.7. Reactions conducted with 7 activated with MAO and AlEt3 in toluene.  
Run Catalyst (µmol) Equiv co-catalyst Pressure (atm)
a
 Time Mass PE (g) TON 
24 19.5 250 MAO 64 1.6 hr  53.17 62,000 
25
 
30.3 10 AlEt3 54 1.7 hr 1.81 3000 
 a
 The pressure listed is the highest to which the vessel was pressurized.   
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Figure 3.6. 
13
C-NMR spectrum of wax produced from 7 (run 24) taken at 500 MHz, 95 °C, and 
in  1,2,4-trichlorobenzene.  
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Figure 3.7. IR (ATR) spectrum taken of wax produced from 7 (run 24). 
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Chapter 4: Reactivity studies of transition metal complexes of the N,N-
dimethylaminodiboranate ligand 
 
Introduction 
 Transition metal complexes containing the N,N-dimethylaminodiboranate (DMADB) 
ligand are a new class of volatile precursors for use in chemical vapor deposition (CVD), but 
otherwise the reactivity of these complexes remains largely unexplored.
1,2
  These complexes 
contain metal centers in the divalent oxidation state, which is of interest because divalent metals 
often serve as catalytic intermediates.
3-14
 Additionally, these DMADB complexes could serve as 
starting materials for the preparation of other organometallic or coordination complexes 
especially for the titanium(II) and molybdenum(II) oxidation states, for which few starting 
materials exist.
15-18
  
 Titanium(II) metal centers are thought to be intermediates in the Alphabutol process for 
the dimerization of ethylene, which is industrially used for the production of 1-butene; 1-butene 
is then used industrially in the production of linear low density polyethylene (LLDPE).
3-7
 The 
ethylene dimerization mechanism is thought to involve oxidative coupling of two equivalents of 
ethylene to form a titanium(IV) metallacycle intermediate, which then undergoes β-hydrogen 
transfer and reductive elimination to regenerate the titanium(II) metal centers and complete the 
catalytic cycle.  Additionally, titanium(II) centers have been reported as intermediates in the 
trimerization of ethylene to 1-hexene, which proceeds by a similar mechanism as the Alphabutol 
process and is discussed in detail in Chapter 3.
19-21
  There are a few titanium(II) based olefin 
polymerization precursors;
22-24
 although titanium(II) has been considered as a potentially 
relevant oxidation state in the polymerization of ethylene in Ziegler-Natta catalysis, it is 
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generally agreed that higher oxidation states, either titanium(III) or titanium(IV), are responsible 
for the catalytic activity.
25,26
   
 Titanium(III) and titanium (IV) borohydride compounds have previously been examined 
as potential olefin polymerization catalysts.
27-30
  Certain titanium(II) borohydrides have been 
found to dimerize α-olefins without an aluminum co-catalyst.3,31,32 In addition, Ti(BH4)2(dmpe)2 
polymerizes ethylene in the presence of an aluminum alkyl co-catalyst, but it is suspected that 
the active catalyst is a titanium(III) or titanium(IV) species instead of a titanium(II) species (see 
Chapter 3).   
 Chromium species have also been utilized for the catalytic polymerization and 
oligomerization of olefins.
8-14
  Most notably, the Phillips catalyst, which consists of CrO3 (or a 
chromium(III) salt) impregnated on silica, is employed industrially for the polymerization of 
olefins.
33
  Chromium compounds have also been used for the selective trimerization of 
ethylene.
14,34
  Chromium(II) has been reported as a polymerization catalyst for α-olefins, and 
although it is generally thought that most selective trimerization catalysts proceed through a 
chromium(III)/chromium(I) catalytic cycle, there is evidence that a chromium(II)/chromium(IV) 
catalytic cycle could be involved in some systems.
8-14
   
 This chapter will focus on the two homoleptic metal complexes Ti(DMADB)2 and 
Cr(DMADB)2 as well as the heteroleptic species Cp*Cr(DMADB), and their reactions with 
ethylene in the presence of an aluminum based co-catalyst.  Additionally, the reactivity of a 
molybdenum(II) species, Mo(DMADB)2 will be explored, although molybdenum species are 
generally less active for the polymerization and oligomerization of α-olefins than their chromium 
analogues.
35,36
  Also, attempts to employ Ti(DMADB)2 and Mo(DMADB)2 as starting materials 
for the preparation of other organometallic complexes will be briefly discussed.   
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Results and Discussion 
 Reactions of ethylene and bis(N,N-dimethylaminodiboranato)titanium(II) (1) 
activated with an aluminum alkyl co-catalyst.  The titanium(II) complex Ti(DMADB)2, 1, was 
tested for its catalytic ability toward ethylene.  Two different co-catalysts were investigated:  
methyl aluminoxane (MAO) and triethylaluminum: 
 
The results of these reactions are summarized in Table 4.1.  In the presence of MAO, 1 is an 
active ethylene polymerization catalyst, the turnover number being 22,000.  The melting point of 
the polyethylene is 134 °C, indicating that it is a high density form (HDPE) of this polymer 
(Table 4.4).  The polyethylene shows little solubility in most organic solvents; dissolving 
somewhat in refluxing xylenes.  This reaction also gives small amounts of even numbered α-
olefins, especially ethylene trimers (with the major trimer being 1-hexene), but the turnover 
number for these products is only 30 moles per mole catalyst.  Higher oligomers are produced in 
even smaller quantities: between three and five moles per mole of catalyst for each of the higher 
oligomers.   
 An interesting question is whether the oligomerization and polymerization activity of the 
1/MAO catalyst system is due to titanium(II) or to titanium(III) species generated by 
adventitious oxidation of the catalyst.  Higher valent titanium species have been long known to 
be effective olefin polymerization compounds; industrially, heterogeneous titanium(IV) 
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precursors produce turnover rates on the order of 10,000 to 50,000 grams of polyethylene per 
gram of catalyst per hour.
37
  With such high turnover rates, a small amount of oxidized catalyst 
could easily produce the activity seen; if the entire mass of catalyst is considered, the rate of 
polymerization is only 1,600 grams of polyethylene per gram of catalyst per hour.  This slower 
rate might be the result of a less active catalyst or only a small portion being converted to an 
active oxidized titanium catalyst (in this reaction, the amount of polyethylene formed is not 
limited by the size of the reaction vessel, because other catalysts have afforded larger quantities 
of polyethylene in the same vessel.)  Chapter 3 gives evidence that a titanium(III) species is 
responsible for the polymerization activity of a titanium(II) 1,2-bis(dimethylphosphino)ethane 
complex.   
 In the presence of AlEt3 as a co-catalyst, the titanium DMADB complex 1 is an ethylene 
dimerization catalyst, affording 107 moles of 1-butene per mole of catalyst.  Due to unavoidable 
loss of 1-butene during the depressurization of the vessel and analysis of the products, this yield 
is most likely significantly higher.  Small amounts of higher oligomers and polymer are also 
formed; for example, only 4 mole of ethylene trimerization products are generated per mole of 
catalyst; Figure 4.1 shows the GC trace for a liquid aliquot of the solution upon completion of 
the reaction.  The small amount of polyethylene produced in this reaction (TON = 90) has a 
melting point of 137 °C, again consistent with HDPE.   
The ethylene dimerization activity of this titanium(II) species in the presence of AlEt3 is 
not surprising; it is suspected that the species responsible for the Alphabutol process have 
titanium(II) metal centers,
3
 and AlEt3 is frequently used as a co-catalyst for these reactions.  
Known dimerization catalysts produce significantly more 1-butene; the most active known 
system, Ti(OBu)4 and AlEt3, produces turnover frequencies of up to 1 x 10
6
 h
-1
.
14
   It is also not 
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surprising that 1 produces less polyethylene when activated by AlEt3 (vs. MAO); similar 
behavior was also observed for the titanium(II) 1,2-bis(dimethylphosphino)ethane species 
discussed in Chapter 3.   
 Reactions of ethylene and bis(N,N-dimethylaminodiboranato)chromium(II) (2) 
activated with an aluminum alkyl co-catalyst.  Cr(DMADB)2, 2, activated with both MAO 
and AlEt3, was examined as an ethylene oligomerization and polymerization catalyst according 
to the following schemes:  
 
The products of these reactions are summarized in Table 4.2.  This catalyst, like the system 
based on the titanium(II) species, 1, affords large amounts of polyethylene when activated with 
MAO (turnover number of 9,900) and more modest amounts when activated with AlEt3.   The 
polymer formed in the presence of MAO is a HDPE with a melting point of 137 °C.  The GC 
trace (Figure 4.2) shows that significant amounts of even carbon oligomers are also formed.  
Dimers and trimers are formed in amounts of 58 and 37 moles per mole of catalyst, respectively, 
but these amounts could be affected by loss of some of these more volatile species in the workup.  
The higher oligomers are distributed relatively evenly; the C6 to C18 oligomers all are formed in 
amounts of about 80 moles per mole of catalyst.  The peaks due to the C8 oligomers are 
obscured in the GC plot by the peak due to solvent toluene. 
 When activated by AlEt3, 2 is a relatively poor ethylene polymerization and 
oligomerization catalyst.  Only 1,800 turnovers of polyethylene are produced, and this 
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polyethylene has a lower melting point of 127 °C.  The only oligomers observed are trimers, 
which are formed in amounts of only three moles per mole of catalyst.  
 Although reported as intermediates for some oligomerization and polymerization 
reactions, similar well characterized chromium(II) olefin polymerization catalysts are rare and 
mostly described in patents.
8-14
  One of the better known chromium(II) catalysts is the 
heterogeneous system described by Union Carbide, which is based on chromocene (Cp2Cr) 
supported on silica.  It is not known what the oxidation state of the active state is.  This catalyst 
can give turn over numbers of 1 x10
6
 g of polyethylene per gram catalyst.
38
  The homogeneous 
chromocene system does not show any activity unless it is exposed to an excess of co-catalyst 
and high pressures of ethylene.
11
   
 Reactions of ethylene and (pentamethylcyclopentadienyl)(N,N-dimethylamino-
diboranate)chromium(II) (3) activated with an aluminum alkyl co-catalyst. 
Cp*Cr(DMADB), 3, (where Cp* is pentamethylcyclopentadienyl) was also reacted with ethylene 
and an aluminum based co-catalysts:   
 
Results for reactions with this catalyst are shown in Table 4.3.  Unlike the previously discussed 
catalysts, 1 and 2, this catalyst affords more polyethylene in the presence of AlEt3 than with 
reactions completed with MAO.  Both reactions produce even numbered oligomers.  In the 
presence of MAO, 10,000 TON of high density polyethylene was produced with a melting point 
of 130 °C.  This reaction’s major oligomerization products were products of ethylene 
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trimerization; it produced 55 moles of six carbon α-olefins per mole of catalyst.  The reaction 
also produced approximately 30 moles per mole of catalyst of each of the even numbered 
oligomers from ten to sixteen and 19 moles per mole of catalyst of four carbon oligomers.   
 The reaction of ethylene with 3 in the presence AlEt3 produced a large amount of 
polyethylene; of the systems presented in this thesis, this system produced the largest amount of 
polyethylene with a turnover of 35,000 moles of ethylene per mole of catalyst.  This turnover 
number is equivalent to approximately 30 g of polyethylene and was clearly limited by the size 
of the 300 mL Parr reaction vessel used in this experiment.  This is unexpected, as in the cases of 
1 and 2 reactions in the presence of AlEt3 produced a smaller quantity of polyethylene, and this 
pattern also holds true for the catalysts presented in Chapter 3.  The polyethylene produced 
initially had two observable peaks in the DSC plot to indicate two melting points at 136 °C and 
142 °C.  Upon a second scan at a slower ramp rate one peak was observed at 131 °C.  The liquid 
sample for this reaction was analyzed, although the majority of it was absorbed into the polymer, 
making it necessary to dilute the sample to analyze it.  Few oligomers were observed with the 
largest turnover being for the six carbon oligomers (28 moles per mole of catalyst); smaller 
amounts of other even numbered carbon α-olefins were also observed.  
 Most known homogeneous half sandwich chromium compounds for the polymerization 
of ethylene are based on chromium(III) metal centers.
11,39-41
   In fact, a study was completed by 
Theopold and co-workers in which the reactivity of analogous pentamethylcyclopentadienyl 
chromium(II) and chromium(III) compounds with ethylene were compared.  It was found that 
Cp*Cr
II
(dmpe)Me was an active catalyst for the oligomerization of ethylene to propene and 
butene, however due to facile β-hydrogen elimination, higher olefins were only reached at higher 
temperatures. The compound [Cp*Cr
III
(dmpe)Me][PF6] was tested as well and showed a small 
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amount of activity for the polymerization of ethylene, but a similar alkylated chromium(III) 
species with THF replacing the tightly bound chelating phosphine ([Cp*Cr
III
(THF)2Me][BPh4]) 
was found to have higher activity for the polymerization of ethylene.  Like some of the 
chromium heterogeneous catalysts these reactions proceeded without a co-catalyst.
42
     
 Reactions of ethylene and bis(N,N-dimethylaminodiboranato)molybdenum(II) (4) 
activated with MAO.  The air stable
2
 molybdenum complex Mo(DMADB)2, 4,  is inactive as a 
catalyst for ethylene oligomerization or polymerization, even in the presence of the MAO as a 
co-catalyst.   
 Studies of the reactivity of Ti(DMADB)2 (1) and Mo(DMADB)2 (4) as potential 
starting materials for titanium(II) and molybdenum(II) organometallic and coordination 
complexes.  A brief study was conducted of the homoleptic DMADB complexes 1 and 4 as 
starting materials for the preparation of other titanium(II) and molybdenum(II) species.  The 
divalent oxidation state is relatively rare for these metals, and few starting materials for these 
oxidation states exist.
15-18
  The reaction of the molybdenum compound 4 with neopentyllithium, 
LiNp, in pentane resulted in no color change even after the mixture was stirred for several days, 
and no Li(DMADB) was observed in the 
11
B NMR spectrum, as would be expected if a salt 
metathesis reaction had occurred.   
The reaction of the titanium complex 1 with LiNp in pentane resulted in a color change 
from blue to brown, and a broad peak was observed in the 
11
B NMR spectrum at δ 1.9. There are 
only doubtful claims of the preparation of homoleptic alkyl titanium(II) compounds.
43,44
   
 Conclusions.  The N,N-dimethylaminodiboranate compounds Ti(DMADB)2, 
Cr(DMADB)2, and Cp*Cr(DMADB) are active ethylene polymerization catalysts in the presence 
of an aluminum co-catalyst.  These complexes also produced variable amounts of ethylene 
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oligomers.  Cp*Cr(DMADB) produced the largest amount of polyethylene, giving 35,000 
turnovers.  Melting point data suggests that the product is a high density polyethylene.  The 
reaction of ethylene with Ti(DMADB)2 in the presence of AlEt3 produced 107 moles of 1-butene 
per mole of catalyst.  The molybdenum compound Mo(DMADB)2 showed little activity both as 
a polymerization or oligomerization catalyst and as a starting material for molybdenum(II) 
alkyls.        
 
Experimental  
 All manipulations were carried out using standard Schlenk techniques.  Diethyl ether and 
pentane were distilled from sodium/benzophenone, and toluene was distilled from molten 
sodium under nitrogen before use.  Cyclohexane was purified from benzene impurities by 
treatment with nitrating acid, followed by neutralization with NaOH; it was then dried over 
CaCl2 and distilled from sodium.
45
  Ti(DMADB)2,
2
 Cr(DMADB)2,
2
 Cp*Cr(DMADB), 
Mo(DMADB)2,
2
 and LiNp
46,47
 were synthesized by known methods.  MAO was obtained from 
Sigma-Aldrich as a solution in toluene and purified from any alkylated aluminum impurities by 
heating the solution under vacuum to dryness.  It was then used as a solid.  AlEt3 was obtained 
from Sigma-Aldrich as a solution in hexanes, and a 1.5 M stock solution was made in toluene 
after careful removal of the hexanes under vacuum. The ethylene used was Matheson Research 
Purity grade, obtained from size 3 cylinder at 1200 psi. 
11
B NMR spectra were collected on a 
Varian Unity Inova 400 instrument.  Chemical shifts are reported in reference to BF3Et2O.   
 A typical reaction was carried out as follows.  Catalytic reactions were conducted in a 
300-mL Parr “mini” reactor that was dried in a vacuum oven at 50 °C overnight (see Appendix A 
for more details on Parr “mini” reactor operations). After the reaction vessel was assembled in 
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the glove box and charged with solid MAO (652 mg, 11.2 mmol), it was attached through the gas 
inlet valve to an argon source from a Schlenk line. The reactor was charged with toluene (20 mL) 
and sealed, and the mixture was heated to 50 °C to scavenge water and oxygen.  After 10 
minutes, an ice bath was used to cool the vessel to room temperature.  A solution of catalyst (50 
μmol) in toluene (30 mL) was added and the reaction vessel was pressurized with ethylene to 50 
atm through stainless steel tubing that had been purged with ethylene briefly and then connected 
to the reaction vessel through the gas inlet valve.  The vessel was resealed.  An initial drop in 
pressure and increase in temperature was typically observed (P = 42 atm and T = 75 °C after 1 
minute), then a much slower decrease in pressure occurred.  After 2 hours, the pressure had 
dropped to 5 atm and the vessel had cooled to room temperature.   
After the completion of the reaction, the excess ethylene was vented and the vessel was 
opened to air.  Solids, if present, were separated from the organic liquids.  The solid was washed 
with dilute hydrochloric acid and ethanol and then dried in a vacuum oven.  Polymer was 
analyzed as 3-7 mg samples on a Perkin Elmer Diamond DSC, and was generally heated from 50 
°C to 200 °C with a ramp rate of 10 °C/min with a nitrogen flow rate of 20 mL/min.  The liquid 
portion of the reaction products was quenched with ethanol and then was filtered if necessary to 
remove any solid that formed.  These samples were analyzed by GC-MS on a Heliflex At-1 
column (polydimethylsiloxane stationary phase, 0.32 mm i.d., 5.00 µm film thickness, and 30 m 
length).  The temperature program consisted of a ramp from 110 °C to 300 °C with a ramp rate 
of 20 °C/min.     
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Figures and Tables 
Table 4.1. Reactions conducted with 1 and ethylene in the presence of MAO and AlEt3  
 
Co-Catalyst Equiv. of  
co-catalyst 
Pressure 
(atm)
a
 
Time 
(h) 
TON 
PE 
Major 
Oligomer TON  
(mol/mol cat) 
Minor Oligomers 
TON  
(mol/mol cat) 
MAO 250 50 2 22,000 C6 (32) C4
b 
C8
c 
C10 (5) 
C12 (3) 
C14 (3) 
C16 (3) 
AlEt3
 10 49 2 90 C4 (107) C6(4) 
  
 a
 The pressure listed is the highest to which the vessel was pressurized.   
 
b  
TON is not determine due to unresolved peaks assigned to C4 and  ethanol in GC plot. 
 
c
 TON is not determined due to unresolved peaks assigned to C8 and toluene in GC plot. 
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Table 4.2. Reactions conducted with 2 and ethylene in the presence of MAO and AlEt3  
 
Co-Catalyst Equiv. of  
co-catalyst 
Pressure 
(atm)
a
 
Time 
(h) 
TON 
PE 
Major 
Oligomer TON  
(mol/mol cat) 
Minor Oligomers 
TON  
(mol/mol cat) 
MAO 250 49 2 9,900 C10 (83) C4 (58) 
C8
b
 
C6 (37) 
C12 (80) 
C14 (75) 
C16 (75) 
C18 (81) 
AlEt3
 10 49 2 1800 C6 (3) --- 
  
 a
 The pressure listed is the highest to which the vessel was pressurized.   
 
b
 TON is not determined due to unresolved peaks assigned to C8 and toluene in GC plot. 
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Table 4.3. Reactions conducted with 3 and ethylene in the presence of MAO and AlEt3  
 
Co-Catalyst Equiv. of  
co-catalyst 
Pressure 
(atm)
a
 
Time 
(h) 
TON 
PE 
Major 
Oligomer TON 
(mol/mol cat) 
Minor Oligomers 
TON  
(mol/mol cat) 
MAO 250 53 2 10,000 C6 (55) C4 (19) 
C8
b
 
C10 (39) 
C12 (32) 
C14 (28) 
C16 (26) 
 
AlEt3
 10 55 2 35,000 C6 (28) C4 (3) 
C8
b
 
C10 (8) 
C12 (6) 
C14 (4) 
  
 a
 The pressure listed is the highest to which the vessel was pressurized.   
 
b
 TON is not determined due to unresolved peaks assigned to C8 and toluene in GC plot. 
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Table 4.4.  Melting points as found by DSC for catalytic reactions
a
 
 
Compound Co-Catalyst Melting point of PE (°C) 
1 MAO 134.402 
1 AlEt3 137.032 
2 MAO 136.745 
2 AlEt3 127.431 
3 MAO 129.687 
3 AlEt3 135.964, 141.956
b
 
 a
 Ramp at 10 °C/ min from 50 °C to 200 °C 
 b
 In second run peak found at 131.45 °C (ramp at 1°C/min from 120 °C to 150 °C) 
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Figure 4.1.  Gas chromatogram of liquid aliquot from reaction of 1 and ethylene in the presences 
of AlEt3.   
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Figure 4.2.  Gas chromatogram of liquid aliquot from reaction of 2 and ethylene in the presence 
of MAO.   
 
 
 
 
 
 
0
10000000
20000000
30000000
40000000
50000000
60000000
70000000
0 2 4 6 8 10 12 14
Time (min.) 
EtOH 
C
6
 C
4
 
Int. Std. 
PhMe/C
8
 
C
10
 C
12
 C
14
 C
16
 C
18
 
129 
 
References 
1. Girolami, G. S.; Kim, D. Y.; Abelson, J. R.; Kumar, N.; Yang, Y.; Daly, S. R. "Metal 
Complex Compositions and Methods for Making Metal-Containing Films" WO 127935, 
2008. 
 
2. Kim, D. Y. "PartI.  Synthesis of Metal Hydroborates as Potential Chemical Vapor 
Deposition Precursors; Part II.  Chemical Vapor Deposition of Titanium-Doped 
Magnesium Diboride Thin Films," Univeristy of Illinois at Urbana-Champaign, 2007. 
 
3. You, Y.; Girolami, G. S. "Mono(cyclopentadienyl)titanium(II) Complexes with Hydride, 
Alkyl, and Tetrahydroborate Ligands: Synthesis, Crystal Structures, and Ethylene 
Dimerization and Trimerization Catalysis," Organometallics 2008, 27, 3172. 
 
4. Al-Jarallah, A. M.; Anabtawi, J. A.; Siddiqui, M. A. B.; Aitani, A. M.; Al-Sa'doun, A. W. 
"Ethylene dimerization and oligomerization to butene-1 and linear α-olefins: A review of 
catalytic systems and processes," Catal. Today 1992, 14, 1. 
 
5. Al-Sa'doun, A. W. "Dimerization of ethylene to butene-1 catalyzed by Ti(OR')4-AlR3," 
Appl. Catal., A 1993, 105, 1. 
 
6. Forestiere, A.; Olivier-Bourbigou, H.; Saussine, L. "Oligomerization of monoolefins by 
homogeneous catalysts," Oil Gas Sci. Technol 2009, 64, 649. 
 
7. Spencer, M. D.; Morse, P. M.; Wilson, S. R.; Girolami, G. S. "Preparation, catalytic 
reactivity, and x-ray crystal structure of the first Group 4 alkyl/alkene complexes. The 
first structural models of the key Ziegler-Natta catalytic intermediate," J. Am. Chem. Soc. 
1993, 115, 2057. 
 
8. Jabri, A.; Crewdson, P.; Gambarotta, S.; Korobkov, I.; Duchateau, R. "Isolation of a 
Cationic Chromium(II) Species in a Catalytic System for Ethylene Tri- and 
Tetramerization," Organometallics 2006, 25, 715. 
 
9. Jabri, A.; Mason, C. B.; Sim, Y.; Gambarotta, S.; Burchell, T. J.; Duchateau, R. 
"Isolation of Single-Component Trimerization and Polymerization Chromium Catalysts: 
The Role of the Metal Oxidation State," Angew. Chem. 2008, 120, 9863. 
 
10. Crewdson, P.; Gambarotta, S.; Djoman, M.-C.; Korobkov, I.; Duchateau, R. "Switchable 
Chromium(II) Ethylene Oligomerization/Polymerization Catalyst," Organometallics 
2005, 24, 5214. 
 
11. Theopold, K. H. "Homogeneous Chromium Catalysts for Olefin Polymerization," Eur. J. 
Inorg. Chem. 1998, 15. 
 
130 
 
12. Groppo, E.; Lamberti, C.; Bordiga, S.; Spoto, G.; Zecchina, A. "The Structure of Active 
Centers and the Ethylene Polymerization Mechanism on the Cr/SiO2 Catalyst: A Frontier 
for the Characterization Methods," Chem. Rev. 2005, 105, 115. 
 
13. McGuinness, D. S. In Olefin Upgrading Catalysis by Nitrogen-based Metal Complexes I; 
Campora, J., Giambastiani, G., Eds.; Springer: Dordecht, 2011; Vol. 1, p 1. 
 
14. McGuinness, D. S. "Olefin Oligomerization via Metallacycles: Dimerization, 
Trimerization, Tetramerization, and Beyond," Chem. Rev. 2011, 111, 2321. 
 
15. Cotton, A. F.; Wilkinson, G.; Murillo, C. A.; Bochmann, M. Advanced Inorganic 
Chemistry; 6th ed.; John Wiley & Sons, Inc.: New York, 1999. 
 
16. Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements; 2
nd
 Ed. Elsevier: Oxford, 
1997. 
 
17. Smith, S. B.; Stephan, D. W.; Editors-in-Chief: McCleverty, J. A.; Meyer, T. J. In 
Comprehensive Coordination Chemistry II; Pergamon: Oxford, 2003, p 31. 
 
18. Young, C. G. In Comprehensive Coordination Chemistry II; Editors-in-
Chief:  McCleverty, J. A.; Meyer, T. J., Eds.; Pergamon: Oxford, 2003, p 415. 
 
19. Hessen, B. "Monocyclopentadienyl titanium catalysts: ethene polymerisation versus 
ethene trimerisation," J. Molec. Catal., A: Chem. 2004, 213, 129. 
 
20. Deckers, P. J. W.; Hessen, B.; Teuben, J. H. "Catalytic Trimerization of Ethene with 
Highly Active Cyclopentadienyl - Arene Titanium Catalysts," Organometallics 2002, 21, 
5122. 
 
21. Deckers, P. J. W.; Hessen, B.; Teuben, J. H. "Switching a Catalyst System from Ethene 
Polymerization to Ethene Trimerization with a Hemilabile Ancillary Ligand," Angew. 
Chem. Int. Ed. 2001, 40, 2516. 
 
22. Albizzati, E.; Giannini, U.; Balbontin, G.; Camurati, I.; Chadwick, J. C.; Dall'occo, T.; 
Dubitsky, Y.; Galimberti, M.; Morini, G.; Maldotti, A. "Propylene polymerization with 
catalysts containing divalent titanium," J. Polym. Sci., Part A: Polym. Chem. 1997, 35, 
2645. 
 
23. Kaminsky, W.; Park, Y.-W. "Syndiospecific polymerization of styrene with arene 
titanium(II) complexes as catalyst precursors," Macromol. Rapid Commun. 1995, 16, 
343. 
 
24. Devore, D. D.; Timmers, F. J.; Hasha, D. L.; Rosen, R. K.; Marks, T. J.; Deck, P. A.; 
Stern, C. L. "Constrained-Geometry Titanium(II) Diene Complexes. Structural Diversity 
and Olefin Polymerization Activity," Organometallics 1995, 14, 3132. 
 
131 
 
25. Fregonese, D.; Mortara, S.; Bresadola, S. "Ziegler-Natta MgCl2-supported catalysts: 
relationship between titanium oxidation states distribution and activity in olefin 
polymerization," J. Molec. Catal., A: Chem. 2001, 172, 89. 
 
26. Resconi, L.; Chadwick, J. C.; Cavallo, L.; Editors-in-Chief: Crabtree, R. H.; Mingos, D. 
M. P. In Comprehensive Organometallic Chemistry III; Elsevier: Oxford, 2007, p 1005. 
 
27. Mirviss, S. B.; Dougherty, H. W.; Looney, R. W. "Transition metal borohydride complex 
catalysts for polymerization of olefins," US 3310547, 1967. 
 
28. Trebillon, E.; Wetroff, G. "Catalysts for polymerization of unsaturated hydrocarbons," 
FR 1160864, 1958. 
 
29. Trebillon, E.; Wetroff, G. "Olefin polymerization catalysts," FR 1187180, 1959. 
 
30. Raum, A. L. J.; Fraser, D. A. "Polymerization of 1-olefins," GB 801401, 1958. 
 
31. You, Y.; Wilson, S. R.; Girolami, G. S. "Synthesis and Catalytic Activity of 
Mono(cyclopentadienyl) titanium(II) Complexes: X-ray Crystal Structures of 
CpTiX(Me2PCH2CH2PMe2)2 (X = C1, Me, H) and Cp*Ti(η
2
-BH4)[ η
2
-(Me2PCH2)3Si(t-
Bu)]," Organometallics 1994, 13, 4655. 
 
32. Spencer, M. D. "Observation of the First Titanium Alkyl/Alkyl complexes: The Key 
Intermediate in the Ziegler-Natta Mechanism for the Polymerization of Alkenes," 
University of Illinois, 1993. 
 
33. Hogan, J. P.; Banks, R. L. "Polymerization of olefins," US 2825721, 1958. 
 
34. Dixon, J. T.; Green, M. J.; Hess, F. M.; Morgan, D. H. "Advances in selective ethylene 
trimerisation - a critical overview," J. Organomet. Chem. 2004, 689, 3641. 
 
35. Downing, S. P.; Hanton, M. J.; Slawin, A. M. Z.; Tooze, R. P. "Bis(alkylthioethyl)amine 
Complexes of Molybdenum," Organometallics 2009, 28, 2417. 
 
36. Topchiev, A. V.; Krentsel, B. A.; Perelman, A. I.; Miesserov, K. G. "On the question of 
applying chromium oxide and molybdenum oxide catalysts to obtain crystalline poly-α-
olefins," J. Polym Sci. 1959, 34, 129. 
 
37. McKenna, T. F.; Spitz, R. In Organomettallic Catalysts and Olefin Polymerization; 
Blom, R., Follestad, A., Rytter, E., Tilset, M., Ystenes, M., Eds.; Springer: Heidelberg, 
2001, p 377. 
 
38. Karol, F. J.; Karapinka, G. L.; Wu, C.; Dow, A. W.; Johnson, R. N.; Carrick, W. L. 
"Chromocene catalysts for ethylene polymerization: Scope of the polymerization," J. 
Polym. Sci., Part A; Polym. Chem. 1972, 10, 2621. 
 
132 
 
39. Dohring, A.; Gohre, J.; Jolly, P. W.; Kryger, B.; Rust, J.; Verhovnik, G. P. J. "Donor-
Ligand-Substituted Cyclopentadienylchromium(III) Complexes: A New Class of Alkene 
Polymerization Catalyst. 1. Amino-Substituted Systems," Organometallics 2000, 19, 388. 
 
40. Heinemann, O.; Jolly, P. W.; Krüger, C.; Verhovnik, G. P. J. "A facile access to CpCr 
(acac)Cl and related systems," J. Organomet. Chem. 1998, 553, 477. 
 
41. Jensen, V. R.; Angermund, K.; Jolly, P. W.; Børve, K. J. "Activity of Homogeneous 
Chromium(III)-Based Alkene Polymerization Catalysts:  Lack of Importance of the 
Barrier to Ethylene Insertion," Organometallics 2000, 19, 403. 
 
42. Thomas, B. J.; Noh, S. K.; Schulte, G. K.; Sendlinger, S. C.; Theopold, K. H. 
"Paramagnetic alkylchromium compounds as homogeneous catalysts for the 
polymerization of ethylene," J. Am. Chem. Soc. 1991, 113, 893. 
 
43. Razuvaev, G. A.; Latyaeva, V. N.; Vasil'eva, G. A.; Vyshinskaya, L. I. 
"Cyclopentadienyldibenzyltitanium(III) and dibenzyltitanium(II)," Synth. Inorg. Met.-
Org. Chem. 1972, 2, 33. 
 
44. Thiele, K. H.; Röder, A.; Mörke, W. "Beiträge zur Chemie der Alkylverbindungen von 
Übergangsmetallen. XXVI. Organotitan(II)-Verbindungen - Darstellung und 
Eigenschaften von Dibenzyl- und Diphenyltitan," Z. Anorg. Allg. Chem. 1978, 441, 13. 
 
45 Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of Laboratory Chemicals; 
2nd ed.; Pergamon Press Ltd.: Oxford, 1980. 
 
46. Schrock, R. R.; Fellmann, J. D. "Multiple metal-carbon bonds. 8. Preparation, 
characterization, and mechanism of formation of the tantalum and niobium 
neopentylidene complexes, M(CH2CMe3)3(CHCMe3)," J. Am. Chem. Soc. 1978, 100, 
3359. 
 
47. LiNp was a gift from Dr. Patrick Hanley. 
 
 
 
133 
 
Chapter 5: Additional studies of transition metal complexes of the N,N-
dialkylaminodiboranate ligands  
 
Introduction  
 Volatile transition metal complexes that contain boron hydride ligands are desirable for 
their potential as chemical vapor deposition (CVD) precursors for metal diboride films.
1-10
 
Recently our group has been interested in complexes of transition metals of the N,N-
dialkylaminodiboranate ligands as potential precursors for these films.
11
  However, these 
complexes are of additional interest from a structural prospective as they show a range of 
bonding modes of the aminodiboranate ligand.  Borohydride complexes are known to form a 
variety of binding modes through the hydrides; they can bind through one, two, or three hydrides 
and can bridge metal centers.
12-14
  Similarly, the chelating N,N-dialkylaminodiboranate ligands 
also exhibit all these binding modes through their two chelated borohydride groups based on the 
steric and electronic needs of the complexes formed.   Previously, the κ2 binding mode has been 
more prevalent than other binding modes in metal complexes of the N,N-dialkylaminodiboranate 
ligand.  This binding mode is exhibited in the majority of homoleptic transition metal complexes 
known.
15
  The heteroleptic transition metal complexes of the DMADB ligand detailed in Chapter 
2 exhibit a range of binding modes that are largely dictated by electronic factors.  These binding 
modes include κ2,κ2 for Cp*V(DMADB), κ1,κ1 for Cp*Cr(DMADB), and κ1,κ2 for the iron, 
ruthenium and cobalt analogs.   
 Other metal N,N-dialkylaminodiboranate compounds form a variety of binding modes as 
well.  In Lewis base adducts of sodium N,N-dialkylaminodiboranates 
16-19
 as well as base free 
NaDMADB,
17
 the aminodiboranate anions bridge between metal centers with κ1and κ2 BH3 
134 
 
groups.  Lewis base adducts of alkaline earth N,N-dialkylaminodiboranate form a variety of 
structures; some have bridging aminodiboranate ligands bound with κ1and κ2 borohydrides, and 
several exhibit a more typical κ2,κ2 binding mode.20-22  The bis(diglyme) adduct of 
Ba(DMADB)2 contains one DMADB in a chelating κ
2
,κ2 binding mode, but the other DMADB 
is bound only through one BH3 group in a κ
3 
fashion.
20
  Ca(DMADB)2(12-crown-4) has a charge 
separated structure due to encapsulation from the crown ether, and Sr(DMADB)2(12-crown-4) 
has one DMADB charge separated and the other bound in a 
 κ1 fashion.21 The magnesium 
compound Mg(DMADB)2 exhibits a κ
2
,κ2 binding mode, but the DME adduct of Mg(DMADB)2 
exhibits a κ1,κ2  and a κ1,κ1 binding mode for its two DMADB ligands, due to the steric demand 
of the bound solvent.
22
   
 The known actinide and lanthanide N,N-dialkylaminodiboranate complexes also exhibit a 
variety of binding modes.  The actinide complex Th(DMADB)4 forms a fifteen coordinate 
complex with three DMADB ligand bound κ2,κ2 and one bound in a κ1,κ2 fashion.23  
U(DMADB)3 forms different binding modes upon varying crystallization conditions: in one form 
all DMADB ligands are bound κ2,κ2 with a hydride from an adjacent molecule also bound to the 
uranium center,
 and in the other form two DMADB ligands are bound κ2,κ2 and the third is 
bridging and bound in a κ3 fashion.24,25 The known Lewis base adducts of these compounds form 
structures that have the DMADB bound in a κ2,κ2 fashion.25   
 The trivalent THF adducts of the lanthanides have DMADB bound in a κ2,κ2 fashion, 
except for the smaller lanthanides, namely, thulium, ytterbium, and lutetium which have one of 
the DMADB ligands bound in a κ1,κ2 fashion.  The Lewis base free lanthanide compounds also 
have a variety of binding based on the size of the metal centers with praseodymium forming 
polymeric structures with the bridging DMADB ligands bound in a κ3 fashion, samarium 
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forming a structure with all the DMADB ligands chelating in a κ2,κ2 fashion, but with an 
additional hydride from the adjacent molecule binding to the metal center, and dysprosium, 
yttrium, and erbium forming a molecule with DMADB ligands that bridge in a κ2,κ2 fashion and 
terminal DMADB ligands bound in a κ2,κ2 fashion.26,27  Divalent lanthanide complexes have also 
been reported: Eu(DMADB)2DME2 and Yb(DMADB)2THF2 form monomeric structures with 
DMADB bound in a κ2,κ2 fashion, and Eu(DMADB)2THF2 forms a bridged structure.
28
   
 Of the homoleptic transition metal complexes of the DMADB ligand only Cr(DMADB)2 
is thought to exhibit a κ1,κ1 binding mode, but this conclusion is uncertain owing to disorder in 
the crystal.
15
  This chapter will report the analogous N-ethyl-N-methylaminodiboranate complex, 
which clearly shows the κ1,κ1 binding mode of the ligand.  Additionally, this chapter will detail 
the synthesis and characterization of the first titanium(III) complex of DMADB, 
Cp2Ti(DMADB) which also exhibits a κ
1
,κ1 binding mode. 
 
Results and Discussion   
 Synthesis of bis(cyclopentadienyl)(N,N-dimethylaminodiboranate)titanium(III), 1.  
Cp2Ti(DMADB), 1,  can be synthesized by the addition of NaDMADB to the titanium(IV) 
precursor Cp2TiCl2 in diethyl ether at -78 °C according to the following scheme: 
 
 The color of reaction solution in diethyl ether changes from orangeto green or blue-green 
as the titanium center is reduced from titanium(IV) to titanium(III).  The reaction can be 
monitored by 
11
B NMR spectroscopy:  the reactant NaDMADB disappears, and is replaced by 
the byproduct, μ-(N,N-dimethylamino)diborane, B2H5NMe2, which is formed (presumably along 
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with H2) as a result of the redox process.  After the mixture is stirred overnight, the dark blue 
product is isolated by removal of diethyl ether followed by an extraction with pentane.  A blue 
crystalline solid is obtained after sublimation at 50 °C under vacuum.  This air and water 
sensitive complex is volatile, and shows little thermal decomposition at room temperature when 
compared to the compounds of the form Cp*M(DMADB), which decompose relatively quickly 
at room temperature as discussed in Chapter 2.   
 Attempts to synthesize the analogous zirconium, vanadium, and niobium complexes were 
unsuccessful.  The reaction of Cp2ZrCl2 with two equivalents of NaDMADB showed only the 
cyclic product, μ-(N,N-dimethylamino)diborane by 11B NMR spectroscopy with no evidence of 
the formation of any boron-containing zirconium complexes.  Interestingly, this reaction mixture 
turns red when it is heated to refluxed, but the color disappears upon cooling.  The reaction of 
Cp2VCl2 with NaDMADB in diethyl ether also affords μ-(N,N-dimethylamino)diborane;  
extraction of the dried reaction mixture with pentane and subsequent concentration and cooling 
to -20 °C gives a purple crystalline solid which was shown to be vanadocene by elemental 
analysis.  The reaction of Cp2NbCl2 with NaDMADB affords μ-(N,N-dimethylamino)diborane 
and a small amount of Cp2NbBH4, which was isolated by crystallization. 
 Crystallographic studies of bis(cyclopentadienyl)(N,N-dimethylaminodiboranate)-
titanium(III), 1.  Crystallographic data and parameters for Cp2Ti(DMADB), 1, are shown in 
Table 5.1.  The molecular structure of 1 is shown in Figure 5.1, and selected bond lengths and 
angles are detailed in Table 5.2.  This compound crystallizes in the monoclinic space group 
P21/n and exhibits a κ
1,κ1 binding mode for the DMADB ligand.  The binding mode is confirmed 
by its long distances of 2.977 and 2.966 Å for Ti(1)-B(1) and Ti(2)-B(2), respectively.  These Ti-
B distances are longer than those of 2.608(3) and 2.593(3) Å reported for the titanium(III) 
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compound Cp2Ti(B3H8), in which the B3H8 ligand also adopts a κ
1,κ1 binding mode.  However, 
the Ti-H-B angles in 1 has angles of 144(1) ° and 138(1)° are significantly more obtuse than 
those of approximately 110° in Cp2Ti(B3H8).  The Ti(1)-H(11) and Ti(1)-H(21) distances in 1 of 
1.920(19) and 1.894(18) Å are similar to those of 1.95(2) and 1.97(2) Å in Cp2Ti(B3H8).
29
  For 
comparison, shorter Ti-B distances of 2.404(4) and 2.396(4) Å are seen for Ti(DMADB)2
15
 and 
of 2.411(3) Å for Ti(BH4)3DME; 
4
in both of these complexes  the borane ligands are all bound to 
the metal in a κ2 binding mode.  The dihedral angle between the plane created by the center of 
the two Cp rings and the titanium metal center and the H(11)-Ti(1)-H(21) plane is approximately 
orthogonal at 91.4°.   
 Infrared studies of bis(cyclopentadienyl)(N,N-dimethylaminodiboranate)-
titanium(III), 1.  Due to the paramagnetic nature of complex 1, no 
1
H or 
11
B NMR peaks could 
be detected in the NMR spectra, however, IR spectrometry was used to further characterize this 
titanium(III) complex.  Strong bands are noted at 2421, 2387, 2342, 2307, 2138, and 2071 cm
-1
 
that correspond to the terminal B-H stretches.  Broader bands near 1730 cm
-1
 correspond to 
bridging B-H stretches.  The titanium(II) complex, Ti(DMADB)2 exhibits a similar frequency of 
2442 cm
-1
 for the terminal hydride and a frequency of 2119 cm
-1
 for the bridging hydrides.
15
  
 Synthesis of bis(N-ethyl-N-methylaminodiboranate)chromium(II), 2. 
Cr[(H3B)2NEtMe]2, 2, was synthesized in a manner analogous to that of Cr(DMADB)2 except 
that greater care was taken to avoid thermal decomposition.
15
 The desired product can be 
obtained according to the following scheme:  
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 After the mixture is stirred for several hours at 0 °C, 2 can be isolated as a blue 
crystalline solid by extraction with pentane followed by sublimation at room temperature under 
static vacuum.  This chromium(II) compound is air- and moisture-sensitive in addition to being 
extremely thermally sensitive; decomposition is notable in the unpurified solid after an hour at 
room temperature and complete decomposition is noted after 10 h at room temperature.  The 
compound can be kept for several days as a crystalline solid on a cold finger chilled with cooled 
water.  However, due to its thermal sensitivity, yields are relatively low and elemental analyses 
always were affected by significant thermal decomposition.   
 Crystallographic studies of bis(N-ethyl-N-methylaminodiboranate)chromium(II), 2.   
Figures 5.2 and 5.3 show the structure of 2, Table 5.1 shows the crystallographic data and 
parameters, and Table 5.3 details selected bond lengths and angles.  This compound crystallizes 
in the monoclinic space group P21/n.  The molecules sit on inversion symmetry and the 
aminodiboranate ligand exhibits a κ1,κ1 binding mode.  The Cr-B distances are 2.3782(14) and 
2.3850(15) Å for Cr(1)-B(1) and Cr(1)-B(2), respectively.  These values are similar to those of 
2.371(3) and 2.384(5) Å seen for Cr(DMADB)2,
15
 which is disordered by most likely also has 
κ1,κ1 aminodiboranate ligands.  The Cr-B bond distances are also similar to those of 2.399(3) and 
2.402(3) Å seen for the κ1,κ1 DMADB ligand in Cp*Cr(DMADB) (see Chapter 2) and of 
2.423(3) and 2.425(4) Å for the κ1,κ1 B3H8 ligand in Cr(B3H8)2.
30
   
 Infrared studies of bis(N-ethyl-N-methylaminodiboranate)chromium(II), 2.  Like 
Cr(DMADB)2,
15
 no peaks are noted in the 
11
B or 
1
H NMR spectra of 2 due to its paramagnetic 
nature.  The IR spectrum of 2 is similar to that reported for Cr(DMADB)2:
15
 there is a strong 
band at 2443 cm
-1
 for the terminal hydride stretch and several major bands at 2256, 2202, 2098, 
and 2048 cm
-1
 for bridging hydrides.  Cr(DMADB)2 exhibits bands at 2443 cm
-1 
for terminal 
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hydrides and 2088 and 2035 cm
-1 
for bridging hydrides 
15
 An increase in the number of bands 
might be expected due to the lowering of symmetry due to the presence of two different alkyls 
substituents on the nitrogen atoms of the aminodiboranate ligand.  Some of the additional 
features may be due to a small amount of decomposition into the μ-(N-ethyl-N-
methylamino)diborane.  Although the infared spectrum of this compound has not been reported 
for comparison, the μ-(N,N-dimethylamino)diborane does not well align with any of the peaks 
found for Cr[(H3B)2NEtMe]2.
31
   
 Conclusions.  This chapter reports the synthesis and characterization of two transition 
metal complexes with N,N-dialkylaminodiboranate ligands.  Both the titanium(III) complex, 
Cp2Ti(DMADB), 1, and the chromium(II) complex, Cr[(H3B)2NEtMe]2 2 exhibit a κ
1,κ1 binding 
mode for the aminodiborante ligand.  This study has helped clarify the structure of the previously 
reported Cr(DMADB)2 which was highly disordered, but most likely exhibits a κ
1,κ1 binding 
mode like the N-ethyl-N-methyl analogue reported here.  Additionally, this study reports the first 
titanium(III) aminodiboranate compound, Cp2Ti(DMADB).   
 
Experimental   
 All experiments were carried out using standard Schlenk and glove box techniques.  
Pentane and diethyl ether were distilled under nitrogen from sodium/benzophenone prior to use.  
CrCl3 3THF
32
, NaDMADB
18
 and Na[(H3B)2NEtMe]
19
 were prepared by literature procedures, 
and Cp2TiCl2 was used as received from Sigma Aldrich.  Elemental analyses were performed by 
the University of Illinois Micoranalytical Laboratory, and IR spectra were recorded on a Perkin 
Elmer Spectrum One spectrometer as Nujol mulls between NaCl plates.  
1
H and 
11
B NMR 
spectra were collected on a Varian Unity Inova 400 instrument and chemical shifts (positive 
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shifts to higher frequency) are referenced to tetramethylsilane (
1
H) and boron trifluoride etherate 
(
11
B).  
 
          Bis(cyclopentadienyl)(N,N-dimethylaminodiboranato)titanium(III), Cp2Ti(DMADB), 
(1).  To a solution of Cp2TiCl2 (151 mg, 0.61 mmol) in diethyl ether (10 mL) was added a 
solution of NaDMADB in diethyl ether (10 mL) at -78 °C.  The mixture was allowed to warm 
slowly to room temperature overnight, and then the solvent was removed from the blue-green 
solution under reduced pressure.  The residue was extracted with pentane (40 mL) to afford a 
blue solution.  This solvent was removed in vacuum and the residue was sublimed under active 
vaccum at 50 °C.  Yield: 39 mg (15%).   Cacld for C12H22B2NTi: C, 57.1; H, 8.97; N, 5.5.  
Found: C, 57.7; H, 8.88; N, 5.61.  IR (cm
-1
): 2421 s, 2387 s, 2342 m, 2307 s, 2138 s,  2071 s, 
1842 m, 1825 m, 1730 m, 1634 m, 1227 w, 1264 w, 1235 m, 1205 m, 1189 m, 1166 s, 1126 m, 
1103 s, 1068 m, 1015 s, 995 s, 925 m, 908 w, 876 w, 863 w, 842 m, 811 s, 796 s, 610 w.   
 Bis(N-ethyl-N-methylaminodiboranato)chromium(II), Cr[(H3B)2NEtMe]2, (2).  To a 
mixture of CrCl3 3THF (103 mg, 0.275 mmol) and Na[(H3B)2NEtMe]2 (82mg, 0.754mmol) was 
added diethyl ether (30 mL) at -78 °C.  After the mixture had stirred at this temperature for 1 h, 
the solution was brought to 0 °C and stirred for an additional 2 h.  The solution was then brought 
to room temperature and the solvent was removed under reduced pressure; during this step the 
flask was allowed to cool as the solvent evaporated, so as to prevent loss of product by 
sublimation into the trap on the vacuum line.  The light blue residue was extracted with cool 
(0°C) pentane (30 mL) and the resulting extract was filtered.  The pentane was removed from the 
filtrate under reduced pressure and the residue was sublimed under static vacuum at room 
temperature.  Note: This complex is extremely thermally sensitive.  The compound decomposes 
faster in its non-crystalline form.  Yield: 15 mg (24 %).  Calcd for C6H28N2B4Cr: C, 32.2; H, 
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12.6; N, 12.5.  Found: C, 30.9; H 12.1; N, 11.5.  Note: These values are affected by the thermal 
decomposition of the sample.  IR (cm
-1
):  2534 w, 2443 s, 2319 w, 2256 m, 2202 m, 2098 m, 
2048 m, 1417 w, 1318 m, 1206 m, 1171 s, 1156 s, 1129 s, 1098 w, 1050 m, 1020 s, 981 w, 941 
m, 904 w, 819 w, 795 w.   
Crystallographic Studies.
33
 Single crystals of 1 and 2, which were obtained by 
sublimation, were mounted on glass fibers with Krytox oil (DuPont) and immediately cooled to -
80 °C in a cold nitrogen gas stream on the diffractometer. Standard peak search and indexing 
procedures followed by least square refinement yielded the cell dimensions given in Table 5.1.  
Data were collected with an area detector by using the measurement parameters listed in Table 
5.1.  The measured intensities were reduced to structure factor the amplitudes and their estimated 
standard deviations by correction for background, and Lorentz and polarization effects.  
Systematically absent reflections were deleted and symmetry equivalent reflections were 
averaged to yield the sets of unique data.   
 All structures were solved using the SHELXTL software package, followed by least-
squares refinement and difference Fourier calculations.  Non-hydrogen atoms were refined with 
independent anisotropic displacement parameters.  Except where noted below, all the hydrogen 
atoms attached to boron were located in the E-map and their locations were refined without 
constraints.  Other hydrogen atoms were placed in “idealized positions” with the idealized 
methyl groups allowed to rotate about their respective C-X axes to find the best least- squares 
positions.  Successful convergence was indicated by the maximum shift/error of less than 0.01
 
for the last cycle of least squares refinement.  Aspects of the refinements unique to each structure 
are detailed below.     
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           Bis(cyclopentadienyl)(N,N-dimethylaminodiboranate)titanium(III), Cp2Ti(DMADB), 
(1).   Systematic absences h0l (h + l ≠ 2n) and 0k0 (k ≠ 2n) were uniquely consistent with P21/n.  
A face-indexed absorption correction was applied (absorption coefficient μ = 0.585 mm-1), and 
the maximum and minimum transmission factors were 0.985 and 0.925.  The quantity minimized 
by the least-squares program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + 0.0133P)
2
}
-1
 and P = 
(Fo
2
 + 2Fc
2
)/3.  An isotropic extinction parameter was not needed.  The largest peak in the final 
Fourier difference map (0.37 eÅ
-3
) was located 1.19 Å from atom C(3).     
Bis(N-ethy-N-lmethylaminodiboranate)chromium(II), Cr[(H3B)2NEtMe]2, (2).  
Systematic absences h0l (h + l ≠ 2n) and 0k0 (k ≠ 2n) were uniquely consistent with P21/n.  A 
face-indexed absorption correction was applied (absorption coefficient μ = 0.766 mm-1), and the 
maximum and minimum transmission factors were 0.781 and 0.608.  The correct position for the 
chromium atom was deduced from a sharpened Patterson map.  The quantity minimized by the 
least-squares program was Σw(Fo
2
 - Fc
2
)
2
, where w = {[σ(Fo
2
)]
2
 + (0.0396P)
2
 + 0.05
]
P}
-1
 and P = 
(Fo
2
 + 2Fc
2
)/3.  An isotropic extinction parameter was refined to a final value of x = 3.1 (5) × 10
-5
 
where Fc is multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 with k being the overall scale factor.  
B-H distances were restrained to be 1.15 ± 0.01 Å.  The largest peak in the final Fourier 
difference map (0.23 eÅ
-3
) was located 0.74 Å from atom N(1).    
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Figures and Tables 
Table 5.1.  Crystallographic Data for Cp2Ti(DMADB) (1) and Cr(H3BN(Et,Me)BH3 (2). 
 1 2 
Formula C12H22B2NTi C3H14B2NCr0.5 
Formula weight (g/mol) 249.83 111.77 
T (K) 183(2) 193(2) 
λ (Å) 0.71073 0.71073 
Crystal system monoclinic monoclinic 
Space group P21/n P21/n 
a (Å) 8.124(2) 5.8027(5) 
b (Å) 14.809(4) 10.9140(10) 
c (Å) 11.682(3) 11.2833(11) 
β (deg) 96.262(4) 93.3050(10) 
V, Å
3 
1397.1(7) 713.39(11) 
Z 4 4 
ρcalc (g cm
-3
) 1.188 1.041 
μ (mm-1) 0.585 0.766 
Max/ min transmission Factors 0.985/0.925 0.781/0.608 
Data/restraints/parameters 2731/0/171 1675/6/88 
GOF on F
2
 0.871 1.087 
R indices [I > 2σ(I)] R1 =  0.0359 
wR2 = 0.0663 
R1 = 0.0250 
wR2 = 0.0759 
R indices (all data) R1 = 0.0585 
wR2 = 0.0721 
R1 = 0.0286 
wR2 = 0.0781 
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Table 5.2.   Selected bond lengths and angles for 1.   
Bond Lengths (Å) 
Ti(1)-C(1) 2.343(2) Ti(1)-C(9) 2.369(2) 
Ti(1)-C(2) 2.393(2) Ti(1)-C(10) 2.369(2) 
Ti(1)-C(3) 2.389(2) Ti(1)-B(1) 2.977 
Ti(1)-C(4) 2.348(2) Ti(1)-B(2) 2.966 
Ti(1)-C(5) 2.332(2) Ti(1)-H(11) 1.920(19) 
Ti(1)-C(6) 2.355(2) Ti(1)-H(21) 1.894(18) 
Ti(1)-C(7) 2.324(2) B(1)-N(1) 1.577(3) 
Ti(1)-C(8) 2.341(2) B(2)-N(1) 1.596(3) 
Bond Angles (deg) 
H(11)-Ti(1)-H(21) 79.0(8) B(1)-H(11)- Ti(1) 144(1) 
B(1)-N(1)-B(2) 111.78(17) B(2)-H(21)- Ti(1) 138(1) 
dihedral angle
a
  91.4   
 
a 
Dihedral angle between CentroidCp(1)-Ti(1)-CentroidCp(2) and H(11)-Ti(1)-H(21) plane 
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Figure 5.1.  Molecular structure of Cp2Ti(DMADB), 1.  Ellipsoids are drawn at 35% probability 
level.   
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Table 5.3.   Selected bond lengths and angles for 2.   
Bond Lengths (Å) 
Cr(1)-B(1) 2.3782(14) Cr(1)-H(12) 2.074 
Cr(1)-B(2) 2.3850(15) Cr(1)-H(22) 2.094 
Cr(1)-H(11) 1.922(15) B(1)-N(1) 1.5783(16) 
Cr(1)-H(21) 1.930(15) B(2)-N(1) 1.5824(14) 
Bond Angles (deg) 
H(11)-Cr(1)-H(21) 73.7(6) B(1)-N(1)-B(2) 107.36(9) 
B(1)-Cr(1)-B(2) 64.64(4) H(11)-B(1)-Cr(1) 99.02(91) 
  H(21)-B(2)-Cr(1) 97.77(84) 
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Figure 5.2.  Molecular structure of Cr[(H3B)2NEtMe]2, 2.  Ellipsoids are drawn at 35% 
probability level.   
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Figure 5.3.  View of square plane of Cr[(H3B)2NEtMe]2, 2.  Ellipsoids are drawn at 35% 
probability level and alkyl substitutents are deleted from the amine for clarity.   
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Appendix A: Using a 300-mL “Mini” Parr reactor for air sensitive high pressure reactions 
 
Introduction 
 The following are instructions for how to effectively use and maintain a 300-mL “Mini” 
Parr reactor with emphasis placed on how to use the reactor to do air-sensitive reactions.  Further 
general instructions have been published in Parr Manual No. 161, and the diagrams below are 
from this manual and depict some of the Parr reactor’s key external and internal features that will 
be discussed in this Appendix: 
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 Several safety rules should be followed when handling the Parr reactor under high 
pressures.  If possible, blast shields should be utilized when the Parr reactor is loaded with any 
pressure.  Any time the Parr reactor is under pressure it should be noted with signage, and 
reactions at higher pressures should be completed in the high pressure lab on the top floor of 
RAL.  The reactor should always be fitted with a rupture disc to prevent over pressurization.   
 
General assembly to seal the Parr reactor: 
1.  If not already added to the assembly a thermo-couple can be placed through the thermo-
couple inlet.  A type J thermo-couple should be used with the automatic temperature controller 
provided with the Parr reactor system.  This can be added by a Swagelok fitting to the reactor. 
Liquid sampling tube 
Cooling loop 
 
Stirrer 
 
Thermo-couple 
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2.  Ensure that the gas release, gas inlet, and liquid sampling valves are sealed tightly. 
 
3.  Ensure that a safety rupture disc has been installed properly.  Detailed instructions for this can 
be found in Parr Manual No. 161. 
 
4.  The reactor itself is sealed by means of two ring sections and a metal band that supports them.  
The screws on the ring must be tightened to approximately 25 ft-lbs of torque, and should be 
tightened in an order such that the screws across from each other are tightened prior to adjacent 
screws; so the screws could be tightened in the order given in the following diagram: 
 
 
 
5.  Both Teflon and glass liners can be purchased to line the inside of the metal reactor to protect 
the metal from corrosion.   
 
1
2 
3 
4 
5 
6 
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6.  Prior to using the Parr reactor, it should be tested for leaks through the directions outlined 
below. 
 
Parr reactor leak testing and maintenance: 
1.  In order to test for leaks, the Parr reactor should be assembled according to the procedure 
discussed above, and then a small amount of pressure can be added through the gas inlet valve.  
For the first leak test, a small amount of pressure (mercury bubbler pressure) of inert gas can be 
used. 
 
2.  To test for leaks Snoop can be applied to the outside of the reactor or the lower portion of the 
reactor can be submerged in water (while avoiding submerging the pressure gauge).  Any 
bubbling that occurs with either of these methods indicates a leak. 
 
3.  If no leaks are indicated, increase the test pressure in increments up to the desired pressure (at 
a minimum) for the reaction and repeat steps 1-2 at each pressure.   In order to test for smaller 
leaks it might be necessary to leave the reactor at higher pressures for an extended period of time 
and note any decrease in pressure.  Note: it is advisable at higher pressures to use the Snoop 
method to test for leaks rather than handle the pressurized bomb and submerge it in water.   
 
4.  If leaks are indicated, vent the reactor through the gas release valve and tighten any screws, or 
valves necessary to seal the leak.  The next several steps outline potential leaks and actions that 
could be taken to seal these leaks.     
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5.  Although rarely the source of leaks, a leak might be indicated at the ruptures disc; if so this 
will need to be completely replaced and can be purchased from Parr.  This most commonly will 
occur if the rupture disc has been ruptured due to a previous over pressurization of the reactor. 
 
6.  A leak indicated from the leak detector nipple indicates that there is a leak in the internal seals 
on the shaft in the reactor.  These leaks are generally due to the hardening or tearing of the 
internal o-rings and can be avoided by not heating the reactor excessively and by carefully 
placing the reactor head up-right after reactions to prevent solvent leakage into the shaft area.  A 
leak can be remedied according to the following procedure: 
 a.  Remove the plastic cap from the top of the reactor (where it would connect to the 
stirring device) using the appropriate allen wrench. 
 b.  Remove the small screw from the metal side that is holding the shaft in place. 
 c.  Remove the shaft. 
 d.  Remove the cone seal and the o-ring by unscrewing the top and pushing the shaft 
 from underneath. 
 e.  Replace the cone seal and o-ring and place the metal cap back on. 
 f.  Push the new clean shaft from bottom (this takes a significant amount of pressure)
 until it is visible in the hole in the top 
 g.  Ensure that the flat part of shaft is visible and replace the screw and plastic cap 
 h.  Ensure that the stirring fan will not hit the thermo-couple, sampling tube or cooling 
 loop after it is re-assembled. 
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7.  If there is a leak around the ring sections or band, this may indicate that the Teflon o-ring that 
forms the contact between the reactor’s head and base is damaged.  This can sometimes be 
alleviated by tightening the screws of the ring sections more, or in extreme cases the Teflon o-
ring can be replaced. 
 
8.   After any leaks are fixed continue to test for leaks at higher pressures until the reactor can 
withstand the desired pressure without any significant leaking.   
 
Setting up reactions in the Parr reactor using air-sensitive techniques 
1.  After the above leak tests are completed, the reactor can be used to complete reactions.   If 
reactions are moisture-sensitive, as well as air-sensitive, the Parr reactor can be heated in a 
vacuum oven at 50 °C overnight.   
 
2.  The Parr reactor should be sealed according to the above procedure in a glove box, and any 
solid reagent that is desired can be added at this time.  Alternatively, it can be sealed and 
connected to  a Schlenk line through its gas release valve and evacuated through a tube with a 
Swagelok fitting.  This can be achieved by placing gum rubber tubing around a metal tube and 
placing a Swagelok fitting on to the metal tubing: 
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3.  After the Parr reactor is sealed, it can be removed from the glove box and connected to a 
Schlenk line through its gas release valve.  After the tubing has been cycled from vacuum to inert 
gas three times and the connection has been tested for any leaks, the valve can be opened and the 
reactor is now under an active of flow inert gas. 
 
4.  If it is necessary to add solvent or other liquid reagents to the reactor, they can be added 
through the thermo-couple inlet according to the following procedure: 
 a.  Remove the thermo-couple under active flow of inert gas. 
 b.  Replace the thermo-couple with a septum that effectively covers the hole. 
 c.  Syringe or cannula transfer through the septum using standard liquid transfer 
 techniques.  If necessary gas flow can be stopped by closing the gas release valve.   
 d.  After desired liquid transfers are completed, the septum should be replaced with the 
 thermo-couple, ensuring that the gas release valve is open and inert gas is flowing.   
 
5.  After all desired additions are complete, the Parr reactor can again be sealed by closing the 
gas release valve and disconnecting from the inert gas source. 
 
6.  The Parr reactor can be connected to the desired pressurizing gas cylinder through metal 
tubing (of appropriate strength for the pressure that will be exerted) and an appropriate Swagelok 
fitting.  The tubing should be carefully purged with the gas by loosely attaching the Swagelok 
fitting to the gas inlet valve and then sealing it as gas slowly flows.  This connection should then 
be carefully leak tested.   
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7.  The reactor is now ready to be pressurized by slowly opening the gas inlet valve and allowing 
the reactor gauge to reach the desired amount.  After closing the gas inlet valve and the main 
valve on the gas cylinder or regulator, the tubing can be left attached to provide for external 
pressure on the gas inlet valve to further ensure proper sealing.   
 
8.  The reactor can be stirred by the mechanical stirrer provided in the Parr system; this is 
controlled on the temperature controller, and it should not be plugged in directly to the wall 
outlet.  The o-ring used as a belt in the stirring apparatus frequently breaks due to overheating 
and must be replaced in a similar fashion to the belt in a vacuum pump.   
 
9.  During the reaction, the pressure can be monitored on the gauge and the temperature 
controlled through the temperature controller which should be attached to the heating mantle and 
thermo-couple, ensuring that +/- are appropriately matched.  If necessary the reaction can be 
cooled by water in the cooling loop.    
 
10.  Gas can be added as necessary by reopening the gas cylinder and gas inlet valve.   
 
11.  If it is desirable to remove liquid sample throughout the reaction process, this can be 
completed by carefully opening the liquid sampling valve.   
 
12.  Upon completion of the reaction, the reactor should be vented slowly through the gas release 
valve to the back of a well-ventilated hood.  The tubing connecting the gas cylinder to the reactor 
can also be vented at this time by opening the gas inlet valve and venting it through the reactor. 
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13.  The reactor can be opened after the gas is vented by removing the two ring sections and the 
metal band.  Like when assembling the reactor, the screws on the ring should be loosened in an 
order such that the screws across from each other are loosened prior to adjacent screws.   
 
14.  Caution should be taken not to invert the reactor or reactor head at any time to avoid solvent 
from damaging the internal seals on the shaft.  
 
Potential alterations to reactor system 
1.  If it is not necessary to cool the reaction the cooling loop can be removed from the reactor, 
and the respective holes on the inside of the bomb capped with air-tight Swagelok caps. 
 
2.  If liquid sampling is not necessary and if it is not necessary to bubble the desired gas through 
your solution, it is possible to remove the liquid sampling tube that is connected to the liquid 
sampling valve and the gas inlet valve.  This effectively makes all the valves identical in 
function.  Both alterations 1 and 2 are particularly useful for polymerization reactions that 
produce a lot of insoluble solids that must be cleaned from all surfaces. 
 
3.  It is also possible to exchange the valve locations if convenient.  When moving valves, Teflon 
tape should be used to reseal each valve into its new place.   
 
Reference 
“Instructions for Parr “Mini” Reactors: Nos. 4561 thru 4565,” Manual No. 161.  1981.  
